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ABSTRACT 


The applicability of a thermodynamic constitutive theory of defor- 
mation to the prediction of primary creep and creep strain relaxation be- 
havior In metals Is examined. Constitutive equations derived from the 
theory are subjected to a parametric analysis In order to determine the 
Influence of several parameters on the curve forms generated by the equa- 
tions. A computer program Is developed which enables the solution of a 
generalized constitutive equation using experimental data as Input. 
Several metals were tested to form a data base of primary creep and re- 
laxation behavior. The extent to which these materials conformed to the 
constitutive equation showed wide variability* with the alloy TI-6A1-4V 
exhibiting the most consistent results. Accordingly, most of the anal- 
ysis Is concentrated upon data from that alloy, although creep and relax- 
ation data from all the materials tested are presented. Experimental 
methods are outlined as well as some variations In methods of analysis. 
Various theoretical and practical Implications of the work are discussed. 
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INTRODUCTION 


A major problem encountered In predicting primary creep behavior In 
metals and alloys has been the lack of generality of the available con- 
stitutive equations. A particular equation Is typically applicable to 
just a few metals, or restricted to narrow ranges of temperature, applied 
stress, and deformation. In addition, most of the constitutive equations 
are completely empirical, and so have no real basis In the microscopic 
mechanisms that might be rate controlling during primary creep. 

Preliminary Investigation of the scope of the problem quickly de- 
monstrated that a new approach was needed. One possible avenue of in- 
vestigation was a thermodynamic constitutive (TC) theory of deformation [1,2 
3,4] based upon the application of nonequll Ibrlum thermodynamics to de- 
formation processes In solids. The TC theory had been successful In de- 
scribing creep and strain relaxation behavior In severat nonmetal He 
systems [51, and application of the methods of the theory to a few metals 
showed that It might be generally useful In metallic systems as well [6]« 

A further encouraging aspect was that certain fundamental parts of the 
TC theory could be rationalized within the framework of dislocation dy- 
namics [6,7] even though the development of the theory was essentially 
phenomenological. Based upon this evidence, the central objective of 
the work reported herein was to determine If the TC theory, or a suitable 
modification, could be used as a basis for a generalized constitutive 
equation that would be descriptive of primary creep and creep-strain re- 
laxation behavior In several Important metals and alloys. 

In Figure 1, schematic creep and creep-strain relaxation curves are 
shown. The Initial load Is applied at time t Q , and Is removed at time 
t for a relaxation test. During creep, the load Is constant, as Is the 
temperature. The purpose of the analytical and experimental efforts of 
this project was to develop an equation (or equations) that would accu- 
rately predict the characteristics shown in Figure 1 In a variety of 
metals. 

This report Is divided Into three principal sections. The first 
section Is analytical In nature, and provides a theoretical background 
for the work. Also provided are the details of a parametric analysis 
of the equation forms, solution methods, and the applicable computer 


I 


Time 


t 

a 




Figure I. 


Schematic creep curves for 
constant stress at time t Q 


a material subject to 
and unloaded at time t a , 





programs that were developed. In the second section, the testing proce- 
dures are outlined, and the results of primary creep and relaxation tests 
for several metals are given. 

Since T1-6A1-4V gave the most consistent results with respect to 
the constitutive equations developed, a detailed analysis of the data 
for this altoy is carried out. in particular, the influence of temper- 
ature and stress level on the parameters of the constitutive equation Is 
examined in detail. 

The final section of this report is a discussion of the results and 
analysis, particularly with regard to possible microscopic mechanisms 
that might be operable during creep. Conclusions relating to the appli- 
cability of the TC theory to primary creep prediction are also advanced. 
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THE CONSTITUTIVE EQUATIONS 


Descriptive Equations 

Three general empirical equations have been used to describe pri- 
mary creep. They are the power law equation, the exponential equation 
and the logarithmic creep equation. 

The power law or parabolic equation has the form 

e « + Const. t n (l) 

o 

where e is the Initial elastic stratn and n varies between .03 and 1 . 
o 

The power law has been found [ 5 ] to fit a wide variety of experimental 
creep curves in both metals and nonmetals. 

The exponential equation Is of the form 

e * e Q + e t (! - e rL ) ( 2 ) 

where is the total primary strain. The exponential equation Is widely 
used and fits a variety of creep curves. 

The logarithmic relation Is 

e ■ e + ctln{l+ vt) . (3) 

o 

The logarithmic relation will generally not fit above .3 T^. 

When secondary creep exists, an additional term is sometimes added 
to these equations. With this addition the power law equation would be 

e ■ e + Const t n + e * (4) 

o s 

where E g Is the secondary creep rate. 

Creep and recovery can be broadly viewed as a combination of elastic 
and viscous flow. This allows the application of the phenomenological 
theory and mathematics of viscoelasticity to creep and recovery. 

Creep strain can be represented as a generalized function 

£ ■ r(a Q , t) (5) 

where a is a constant stress and Is applied at t 0 0. if strain is a 
o 

linear function of stress the equation can be modified to 

e » F(t)a Q « F(0)a Q + [F ( t) - F(0)]c o ( 6 ) 

where F( 0 )cr Is the initial elastic strain. An arbitrary stress input 
o 

can be defined by 


( 7 ) 


®{t) » f H(t - t) a{t) dt 

•/-a* 

where r Is a dummy time representing past time and H(t) Is the Heavyslde 
unit function. Since the function H(t - t) Is always unity In the range 
of Integration, the strain can be written 

c ■ F { 0) a + f F(t - t) o(t) dt (8) 

This Is the Boltzman superposition Integral and Is a basic equation for 
linear viscoelasticity. It provides a good fit to some creep data but 
generally Is difficult to fit to recovery data. 

As noted, each equation form has some merit. However, for most 
metals subjected to stresses and temperatures where creep can operate, 
the power law equation (or a modification thereof) has been found to have 
the widest range of applicability. In addition, this particular equation 
form can be related to dislocation velocities and densities In crystal- 
line materials because of the Influences of these parameters on strain 
rate (creep rate) at constant stress and temperature. Accordingly, the 
development of a generalized constitutive equation that would describe 
primary creep behavior was based upon merging the well-established power 
law equation with the TC theory. Of equal validity, however, would be 
using any of the other equation forms because there Is no restriction In 
this regard In the TC theory. Doing this would simply result In consti- 
tutive equations with a smaller range of applicability. Accordingly, 
the derivation In the following section uses only the power-law form, 
which Is retained (with some modification) throughout the body of this 
work. 
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Derivation of the Constitutive Equation 


Tne derivation of the Thermodynamic Constitutive (TC) theory begins 
with an equation for entropy production derived by Schapery in [1] 


dS 

dt 


1 to . 2£.) , o 

T 3q , ' dt - 


(9) 


where S is entropy, t is time, F Is the Helmholtz free energy, qj 
represents i generalized coordinates (such as strain), and Q. represents 
I generalized forces (such as stress) conjugate to q } . F is a function 
of and temperature and the incremental amount of work done is defined 
as 

3Wj - Qj dq. (10) 


The coordinates are further divided into two groups of hidden and 
observed. Hidden coordinates are defined by the condition that tbe’r 
conjugate forces are always zero. Hidden coordinates may be considered 
to represent the action of lattice distortions, grain boundary sliding, 
twinning, etc. 

Schapery In [2] uses equation (9) to derive a general equation 
relating forces, coordinates and temperature 


3F_ 

3qj 


+ a. 


dq, 
b ij d it" 


< 1 : 


on 


where a p is a factor which contains all nonlinearity arising from 
entropy production and, as a consequence of Onsager's principle, b j j 
is a positive symmetric, constant, semidefinite matrix. 

When equation (11) is combined with an expression for the Helmholtz 
free energy the following equation is derived 
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where a . . 
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by 


is a function of free energy and p is a reduced time defined 
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r f dt 

7 K 


For uniaxial loading there is only one generalized force, Qj , 
and one coordinate, q, , and stress is equal to 
dq. 

» - a, tt 


The following equation may then be found from (12): 


dAF dq. dq. 

_£ + _l/ e(p - p .)_l dT 


E(p) is the strain reduced time, x is an arbitrary time and 


/ £ 


This is the equation for constant strain rate creep. (16] 

Schapery in [3] and [4] uses the Gibbs free energy and a derivation 
similar to that above to derive an equation for uniaxial loading with 
strain as a function of stress. This is 


dG R dQ 
do + do 


A t 

d .^i f 

do J 


d(r) 


AD(ip - ip 1 ) 


where G R is the Gibbs free energy of the hidden coordinates and 0.^ is 
the nonlinearity in the stress related to second order changes in the 
Gibbs free energy with respect to hidden coordinates and observed forces 
and is a function of stress and temperature. D(ip) is the linear 
viscoelastic creep compliance and is a nonlinearity factor arising 
from second order changes in the free energy with respect to hidden 
coordinates and is a function of stress and temperature. The reduced 
times, ip and tp 1 , are defined as 


/ £ a £ p ' 

“ dt and ip* = J 


1 


where a D is a factor containing all nonlinearity arising from entropy 
production. 

Equation (17) can be rewritten into a form of the basic equation 
used by Schapery and Lou In [81 as 

/ t dg*c 

- ^«) dr . (19) 

o 

The reduced times are now 


¥ 



dt 

a 
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and 



( 20 ) 


and the four independent nonlinear material parameters are 

dG„ 


s o D odo 
o 


dQ| 
'l “ doT 


*2 ca. 


a G 

a ■ — 
° a D 


( 21 ) 

( 22 ) 

(23) 

(24) 


D is the linear elastic compliance and is equal to the inverse of the 
o 

modulas of elasticity. 

When g n * g, “ g_ * a * t equation (59) reduces to the Boltzman 

0 I A O' 

superposition integral in equation (8). 


Solution for Constant Load 

#■ 

For a uniaxial stress input of o at time t ■ 0, the following 
relations are defined: 

the Heavyside function with 



t < 0 
t > 0 


( 25 ) 


and 
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the Dirac delta function 


where 


5 (x - 0) 


d H(x - 0) x ■ 0 

dx " (0 t j* 0 


/ Q) 

6 (t) dt “ l 


( 26 ) 


(27) 


In equation (19) if 92 and a CT are assumed to be functions of stress 
only, then for the given step input at t ■ 0 

•I 


g o D o a o * 9 l ’ **> 


g 2 o q dH(t - 0) 
dx 


dx 


( 28 ) 


or 

e * 9 o 0 o ° o + 9| 9 2 AD (tp - t|i ' ) 6(x - 0) dx (29) 

«/q 

Since the Dirac delta function causes the Integral to be zero everywhere 
except at x “ 0, D(i|> - i|>‘) is independent of the integral and is 
defined only at x * 0. Thus 


iji •<* f dt * — and t' * “ f dt * 0 
a “o 3 ° o ^o 

and 

£ ’ 9 o D o°o + 9 1 9 2 °o 4D( ;-)/' 5(t) ix 

o o 

which, by equation (27) is 
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q D o + g 
=o o o 3 


1 *2 


40(f) 
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a 
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(30) 


(3D 


(32) 


The equation for recovery can be similarly solved for an input of 


<*(t) 


to 0 < t < t . or c H(x) 

> o a o 

{ 0 t a < t, or (0) H(x - t fl ) 


( 33 ) 


at c(t) » 0, g Q , g ^ , g^, and a a are assumed to be equal to one. This 
results in the equation for creep recovery, e , beginning at time t 

r a 
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m 


e r " 9 2°o^ D ^a“ + * “ t a ^ " AD(t “ 

cr 

The form of the creep compliance function, AD, Is not derived fay 
Schupery. In £53 he discussed the form of this function and Indicates 
the power law should apply for most materials where 

AD(^) a c/ (35) 

where Cj and n are constants. 

Using the power law, equation (32) for creep can be written 


E • •oVo + 9 1 9 2 C 1 ( ^ )B °o 


(36) 


and equation (34) for recovery would be 


e r ’ 9 2 ° 0 t c l<3 2 - + 1 ‘ t a ) '’ ' c l (t ' £ a )ni 


(37) 


or with some rearrangement 

E r - 9 2 a a { T* n c l t( ' + V ,B ' ( V )R] t38) 

O 

where X is a reduced time equal to 
t - t 

X - - t -- (39) 

a 

and Cj Is the linear creep compliance. 

Equations (36) and (38) are limited to small strains, where the true 
strain and engineering strain are essentially equal. This condition Is 
easily fulfilled for primary creep In metals because the strain Is gen- 
erally much less than 1%. Changes In stress, temperature, and micro- 
structure are reflected by changes In the parameters. 


Parametric Analysis 

As previously stated, all of the nonlinearity parameters are de 
fined as being equal to one at zero stress. 
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The effect of g^ is In the initial elastic compliance of the 
material, as illustrated In Figure GO-1*. Increasing the value of g Q 
while holding all the other parameters constant shifts the creep curve 
upwa rds . 

The equation for the strain drop, Ae, when the load Is removed to 
begin recovery is 

t a n 

Ae “ 9 0°0°0 * # 2 C !°0 ( r ) (9 l ‘ (40> 

0 

where t is the time at which the load Is removed, 
a 

The g^ parameter represents a measure of the nonlinearity In the 
creep compliance. As can be seen from equation (40) it affects 
the strain drop upon removal of the load. Figure Gl-2 indicates that 
all of the extra creep resulting from the nonlinearity in g^ Is 
“recovered" in the elastic strain drop, it has no effect on the 
recovery curve. It cannot be much less than 1 as it will cause an 
Increase in the strain drop as is indicated on line one of Figure Gl-2. 
When g^ Is equal to l the strain drop is equal to the Initial elastic 
strain. Equation (22) indicates that gj can be viewed as a nonlinearity 
in the applied load during creep. 

The g 2 parameter represents a viscoelastic nonlinearity in the 
creep compliance. It affects both creep and recovery and affects the 
strain drop as a function of g^. The extra strain occurring during 
creep Is recovered later, as Indicated on Figure G2-1, after unloading. 

The material constant, D Q , is the linear elastic compliance of the 
material. It is constant for any given temperature. Its effect is 
Indicated on Figure CO-1. 

The material constant Cj is the linear viscoelastic compliance and 
Is constant for any given temperature. Its effect can be seen in 
Figure C 1 - 1 - it increases the amount of creep and recovery and affects 
the strain drop as a function of gj . It has no effect on the elastic 
strain. 

The. effect of a a can be seen in Figures ENT-1 and ENT-lL where 
ENT refers to entropy and L refers to large deviations in a Q . The 


*These figures are located alphabetically at the end of Appendix A. 
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effect of a 0 on the creep curve Is to decrease the amount of creep, thus 
a decrease fn a a will cause an fncrease In the creep. On the recovery 
curve increases the rate of recovery. As can be seen from equation 
(36) a^ acts as a time shift factor, so that a decrease In a a extends 
the recovery curve so that there Is less actual recovery for a given 
time. On a log-log plot of strain vs. reduced time, X, the value of a a 
Is represented by a horizontal shift of the curve. As can be seen from 
Figures ENT-2L and ENT-3L very small values of a a can be used to simulate 
recovery curves that do not return to zero. 

The effect of the exponent, n, Is Indicated In Figure EXP-1. The 
effect of n Is on the Initial rate of curvature, with lower values of n 
Increasing the rate of curvature. The maximum possible value of n Is 1, 
this represents a straight, zero slope line during recovery. 

The effect of stress is indicated on Figure STS-1 . 

Figure SIM- I contains a simulation of an actual series of creep 
tests. This Is obtained by varying both a a and stress. Note that this 
appears to account for plastic deformation. 
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SOLUTION OF THE CONSTITUTIVE EQUATIONS 


The following sections demonstrate procedures that can be used to 
solve the constitutive equations for values of the parameters using ex- 
perimental data as Input. In the example solutions, a single data set 
Is used. The test was on a TI-6AMV titanium alloy at kkO°C at a stress 
level of 161 MPa. This particular test was In the lower ranges of both 
stress and temperature used In the total creep study of the alloy. The 
duration of the test was 357 minutes. Of this, the first 119 minutes of 
the test were creep and the last 238 minutes were relaxation (strain re- 
covery after load removal). A plot of the creep and recovery data Is 
given In Figure 2. The details of the experimental procedures used for 
this test and others are presented In a later section. 


Graphical Solution 

Schapery and Lou In reference [8] solve the constitutive equations 
using a curve shifting method. The equation for recovery Is 

e r ‘ C 0 [(l + V>" ' 'V 1 '" 1 (1|I) 


where 


avn 


9 2 C ,(JJ 


m 


The values of n, a . and Co are solved first by plotting e vs. X on 

o * 

log-log paper as on Figure 3* This graph Is then compared visually to 
the "master curve" plot on Figure h for the equation 

e r - [(I + *)" - (X)"] M> 

where n is varied to produce the different curves. The experimental 
data on Figure 3 Is physically shifted both vertically and horizontally 
over the master curves until the best possible match between It and one 
of the master curves Is found. The n of the master curve is then the n 
of the data. In this case n was found to be 0.25« Due to the small re- 
covery strains and the similarity In the master curves It Is difficult 
to find an accurate best fit. In this case the accuracy of n Is esti- 
mated to be 20%. 
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Figure 4. Master curves for equation (43) 





The a 0 parameter Is determined from the amount of horizontal shift. 
For this a X value Is picked on the master curve and then the X value 
over that point Is read from the data curve. Then 


a_ - r“ 


.100 

1.70 


.0588 . 


In the same manner, for Co a value of strain, e, is picked on the 
master curve and the value of strain, e^, occurring over that point 
from the data curve is recorded. Then, 


Co - — 
e 


.21 x 1 0 
.20 


-3 


.00105 • 


Next the value of e Q , the initial elastic strain, and C 1 are 
determined for the equation 


e ■ e + C*t n 
o 


(M0 


where 


e 

o 


g 0 a 
3 o o o 


and 


(45) 


c* - C 1 ( a ) a Q 

Selecting two data points 
t| * 9.143 at t ] 

t 2 « 85.143 at e 2 

and solving for C' with n » .25 

C‘ 


2.3986 x 10 3 and 
2.8299 x lo” 3 


e 1 ' e 2 


, .25 . , .25 

t 1 z 2 


C' - .3321 x 10 


-4 


(46) 


(47) 


and 
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*, - c ‘ 


X t 


.25 


r. - 1.821 x Kf 3 
o 


AE| is the total amount of creep, excluding the initial elastic 
strain, that occurs during the creep test. For a total creep time, t_, 

ft* 

of 119.8 min. 

46, - C' x t a B (48) 


46, - 0.001097 . 

Next 

Ac | 

9 1 ” To" 

g j * 1.045 . 

Next solve for g Q where 
g Q - e 0 /a 0 x D Q 


(49) 


(50) 


where Dq is the reciprocal of E, the modulus of elasticity. Thus 

g Q - 0.001821 x 11.07 x 10 6 /23400 
9 q - 0.86147 . 


Next solve for the product of the creep compliance, Cj , and g 2 

n 


C l 9 2 


C x a 
g l x a 0 


(51) 


(3.321 x 10^) (.0588)' 2 5 
(23400) (1.045) 


C l s 2 


6.67K 1 x 10- 


ln a series of creep teits at a given temperature g^ would be 
assumed to be 1 at the lowest stress, and thus would be 

the linear viscoelastic creep compliance, Cj . 


18 



Computer Solution 

The solution of the recovery equation by the graphical (curve-shift- 
ing) method Is rather difficult and Inexact for small strains, so that 
the solution for the parameters of the creep equation is at best an ap- 
proximation. A BMDP3R computer program was employed for the purpose of 
overcoming these problems. The program is a multivariable, nonlinear, 
least squares regression program that Is maintained by the University of 
Kansas Computation Center. Its application to this work is discussed In 
detal 1 in Appendix 3. 

The computer approach Is useful because it Is much more accurate 
than the curve shifting solution, providing repeatable and consistent 
solutions of the data. The precision of the values of the parameters 
calculated from the program are typically well within 10?, whereas the 
values from the curve shifting procedure are estimated to be within 
5-20? of the best value. As well as being faster for reducing the data 
of several test runs, the program also uses 20-40 data p' Ints to solve 
for the parameters rather than the two used In the solution of and C 1 
by the curve shifting method. The program provides Indications of the 
quality of fit of the calculated curve to the data as well as the stan- 
dard deviations of the parameters calculated, and It allows easy use and 
evaluation of mod If Icationf or improvements to the TC theory. 

In the solution of the TC theory the computer is used first to solve 
for n, a^, and Co from the recovery data, and then to solve for e Q and 
C' from the creep data using the n previously calculated from the recov- 
ery data. Using the BMDP3R program and the recovery data, the variables 
in the recovery equation are found to be 

n - 0.23686 +0.017 

a -0.05259 +0.00668 

Co - 1.0535 x 10~ 3 +0.0254 x 10~ 3 . 

Then using n - 0.23686 and the creep data the computer solves for 
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e - 1.70717 x lo“ 3 
o 

C - 0.39222 x 10“ 3 . 


Then using the same procedure as before for the curve shifting 
method 

Ae 1 - ,39222 x 10 ‘ 3 (l 19 . 8) * 23696 

g 1 - .001 222/. 001 05 

*■ 1.1601 

g Q - ,001707 x 11.07 x 1 0^/23^00 

g 0 - .80761 


Cjg 2 - 7.210 x 10" 9 . 


.25696 


The computer provides a very good fit, with a serial correlation (SC) 
of .31 , to the recovery data. The maximum difference between calculated 
and actual recovery data is 1.3%. However, using the n thus calculated 
from the recovery data, it provided only a poor fit to the creep data, 
with a serial correlation of .91 and a maximum difference between 
calculated and actual curves of k.2%. The poor fit of the creep data 
is a result of both a less than optimum value of n and a slightly 
erratic creep curve. 


The Cend Modification 

The constitutive equation for recovery goes to zero at long times. 
However, most of the recovery tests run and the literature seem to 
indicate that not all of the creep will be recovered after the load is 
removed. Specifically, some permanent, or plastic, deformation has 
occurred during the creep test and this will result in a recovery curve 
that wiil approach a minimum value during recovery equal to the amount 
of plastic deformation that occurred during creep. 
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To reflect this it was proposed that the recovery equation be 
modified as follows 

e p » Co[(I + a^X) 11 - (a^X) 0 ] + Cend (52) 

where Cend is a parameter that contains all of the non recoverable portion 
of the creep. Vlhen this equation was set up on the computer it was 
found to provide a much better fit to the data than equation (4l). This 
results both from the more realistic formulation of the equation and 
from simply adding the extra degree of freedom provided by Cend. 

Equation (52) is able to fit a broader range of data. It was found 
that the equation would fit the data within a certain range even if one 
of the parameters in the equation, such as n, was fixed, fn other words, 
if the value of one of the parameters in the equation was already solved, 
within a certain range, the computer would adjust the remaining three 
parameters to attain a good fit to the data. This allowed a new method 
to be used to solve the creep and recovery data. First the creep data, 
rather than the recovery data, is solved to determine C' and n. This 
provides a good fit to the data since the computer is able to solve for 
an optimum value of n. The value of n calculated is then used in the 
solution of the modified recovery equation. 

Sample Calculation with Cend 

Using the 8MDP3R program to solve the creep data for equation (44) 
e Q - 2.1642 x 10* 3 + 0.0157 x lo” 3 

C* - 0.0632 x 10" 3 + 0.00707 x 10" 3 

n - 0.5329 + 0.0202 

Using the n calculated above and the BMDP3R program to solve the 
recovery data for equation (52) 

Co - 0.72363 x 10" 3 
= 0.76123 

Cend = 0. 18626 


Z i 


Then, as before 


- .0632 x lcf 3 (1 19,80)’ 5329 

- .80970 x ICf 3 

- .80970 x lo" 3 /. 72368 x 10~ 3 

- 1.1189 

= 2.1642 x l(f 3 x 11.07 x J0 6 /23400 

- 1.0238 

(0.0632 x 10~ 3 ){0.76123)' 5329 
“ (23400) (1.1189) 

* 2.0873 x TO -9 

Table 1 is a comparison of alt of the calculated values. 

-'Note that the values calculated from the three methods are 
somewhat different. The values calculated from the computer using the 
outlined method compare fairly well with those calculated by curve 
shifting and are certainly within the limits of error of the curve 
shifting results, g^ and are both close to 1, This is to be expected 
since this is a low stress test and these parameters basically reflect 
nonlinear i ties in the elastic responses of the material. In higher 
stress creep tests in metals these would be expected to increase 
si ightly wi th stress. 

In the constitutive equation a^ is an indication of how fast the 

recovery curve approaches zero, the slower it approaches zero the lower is 

a a in the constitutive equation would be close to 1 at very low 

stress where all of the creep, if any, is quickly recoverable; as the 

stress Increased it would approach zero. In the equation with Cend 

much of the function of a has been taken over by Cend and hence a is 

o a 

much closer to 1. Since Cend reflects the amount of plastic creep taking 

place, a now reflects how rapidly the recovery curve approaches the value 
o 

of plastic strain. Cend will increase with increasing stress, however 
it Is not clear what effect increasing stress will have on a . 


9 i 

9 1 

9 0 

9 0 

C l 9 2 

C 5 9 2 
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Table 1. Comparison of Results for the Different Solution Methods 



Parameter 


Calculation Method 



a el? 

* 

m »-■. 


Graphical 
Curve- Shi ft 

Computer 

Cend 



n 

0.25 

0.23696 

0.5329 


t 

e 0 

1.821 x 10~ 3 

I. 7072 x 10* 3 

2.1642 x 

10' 3 

«y 

i 

C 0 

1.05 x 10' 3 

1.053 x I0" 3 

0.7236 X 

10" 3 

i* 

c* 

0.3321 x 10" 3 

0.3932 x 10" 3 

0.0632 x 

io' 3 

\ 

9 0 

0.86147 

0.80761 

1.0238 


l 

9 1 

1.045 

1.1601 

1.1189 


] 

C l 9 2 

6.67! x 10~ 3 

7.210 x io' 3 

2.0873 x 

10~ 9 

1 

* 

a 

a 

0.0588 

0.0526 

0.7612 


I 

Cend 

- 


0.36498 > 

: 10“ 3 

I 

SC-Creep 

- 

.91255 

.36498 


V 

Max % error - Creep 

2.8 

4.2 

1 .2 


I 

SC- Recovery 

- 

.31042 

.16953 


I 

Max % error - recovery 

1.8 

1.3 

1.4 



i 

I 

1 
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Figures 5 and 6 indicate the fit of the calculated curves to the 
data. Notice that the Cend equation fits the data much better than the 
other equations. The SC in Table 1 stands for serial correlation; 
this is an indication of the quality of fit of the calculated values to 
the data values. Anything below about .4 is a very good fit, between 
.4 and .6 Is good, between .6 and .75 is fair and above .75 is poor. 
Note that the Cend equation indicated a very good fit to both creep and 
recovery. 
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EXPERT MENTAL PROCEDURE 


Materials and Specimen Preparation 

The materials selected for study tn this work were: commercially 

pure 1100 aluminum, titanium, and Armco EMI Iron along with 2024-T4 alu- 
minum alloy and T1-6A1-4V titanium alloy. All of these materials were 
obtained from commercial vendors. 

Round specimens were used for creep testing, in all cases the gage 
lengths were two Inches and the gage diameters 0.375 inches. Tolerance 
on the diameters was *^0.00 1 inches. 

The commercially pure metals were annealed so as to achieve a unt- 
form grain size, and to remove the surface effects of machining. All 
heat treatments were done in a dynamic atmosphere of helium In order to 
reduce contamination effects. 

The titanium alloy was heat treated at 815°C for one hour and slowly 
cooled. The aluminum alloy was heat treated at 340°C for 10 minutes and 
slowly cooled. For each of the alloys, the treatments noted were ade- 
quate to anneal out the surface cold work. The chemical compositions of 


the titanium and 

aluminum 

i al loys 

are as 

fol lows: 



C 

Fe 

N 

Al 

Va H 0 

T1 

T1-6A1-4V 

0.01 

0.04 

0.009 

6.45 

4.25 0.005 0.184 

Balance 


Cu 

Mn 

Mg 

Al 

Impurities 


2024-T4 

4.4 

0.6 

1.5 

Balance 

Neg 1 1 g i b 1 e Quant 1 es 



Testing Procedures* 

The basic procedure for all the tests consisted of subjecting a 
specimen to a predetermined constant load at a constant temperature. The 
load was transmitted through a lever arm (20:1 or 3:1 ratio) to the spec- 
imen by a mechanical linkage. An extensometer was fastened to the gage 
length of the specimen. Gage length deflection was transmitted through 
the extensometer to a linear variable differential transformer (LVDT) . 

The signal from the LVDT was transmitted to a signal conditioner and 
finally to a recorder, A suppression circuit was designed such that full 

* Details of the components used In the creep test system are given In 
Appendix D. 


27 


scale travel of the pen could be suppressed a total of ten times, effec- 
tively expanding the useful scale of the chart by a factor of ten. 

The LVDT transducer was calibrated through the use of a series of 
standard gage blocks with dimensions known to a tolerance of -0.00008 In. 
Through these known gage block displacements, a calibration curve for the 
LVDT system was constructed. 

For the elevated temperature tests, the speclmen-extensometer assem- 
bly was placed Inside a temperature controlled electric furnace (most 
such tests were conducted In the range 185°C to 1150°C) . To assure that 
the specimen was at the desired temperature, a thermocouple was attached 
to the gage length thus allowing a temperature measurement Independent 
of that gfven by the furnace thermocouple. Temperature at the gage length 
was monttered on a digital display through a conditioner channel. 

Since thermal transients are present In any high-temperature test, 
the system was allowed to stabilize at the desired temperature before 
any load was applied. Corrections were made for thermal expansions of 
the specimen and extensometer . 

Application of the load was accomplished by transferring a predeter- 
mined amount of lead shot from a holding container to a loading container. 
The flow of shot from one container to another was an excellent method 
of loading because It allowed the load to be applied at a known rate that 
was easily reproducible from test to test. Further, since the loading 
rate could be so effectively controlled, impact effects were eliminated. 

By simply reversing the transfer process, controlled and reproducible 
unloading rates were accomplished for the relaxation tests. The trans- 
fer of the lead shot between containers was accomplished by gravity feed 
through openings of known area. Calibrations of the flow characteristics 
of the lead shot through these openings were carried out. 

Temperature and Stress Ranges 

The ranges of stress and temperature for creep tests on a particular 
material were predicated on obtaining significant amounts of primary creep 
during loading and reasonable amounts of time-dependent relaxation (not 
Instantaneous) during unloading. These requirements necessitated consid- 
erable amounts of preliminary testing on each material. Generally, stress 
levels no greater than 0.6 of the yield stress, and temperatures slgntf- 
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Icantly below the hot working range of the material were finally selected 
as the upper limits. Specific stresses and temperatures for a particular 
material are given In the results section of this report. 
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TEST RESULTS AND ANALYSIS 


Conwnerclal ly Pure Titanium, Aluminum, and Iron 

The commercially pure metals did not give test results which exhib- 
ited consistent and uniform trends when subjected to analyses for deter- 
minations of the parameters In the basic constitutive equation. Accord- 
ingly, detailed data reductions were not done on these materials. The 
raw strain-time data for creep and relaxation are given on pages 31 
through 64. In many cases, most especially the Armco EMI Iron, there 
was great difficulty In obtaining significant time-dependent relaxation 
at stress levels where primary creep was not obliterated by the rapid 
onset of secondary (or even tertiary) creep. Because of these difficul- 
ties, and the attendant time constraints of the project, work on these 
materials was de-emphas I zed. A few parameter determinations were done 
on the 1100 aluminum and the titanium. The results of these determina- 
tions are given In Tables 2 and 3« There were not sufficient recovery 
data on the Iron to allow a meaningful analysis on that material. 

Index of Strain-Time Data for Commercially Pure Metals 


Temp 

<°0 

Titanium 

Stress 

(MPa) 

Page 

Rm. Temp 

227 

31 

Rm. Temp 

234 

32 

Rm. Temp 

248 

33 

Rm. Temp 

262 

34 

Rm. Temp 

276 

35 

306 

69 

36 

306 

83 

37 

306 

no 

38 

306 

no 

39 

422 

44 

40 

422 

44 

41 

422 

55 

42 

422 

66 

43 

Temp 

(°c) 

1 ron 

Stress 

(MPa) 

Pa£e 


Rm. Temp 

110 

60 

Rm. Temp 

53.8 

62 

Rm. Temp 

53.8 

63 

318 

48.3 

61 

318 

36.2 

64 


Aluminum 


Temp 

<°c) 

Stress 

(MPa) 

Page 

Rm. Temp 

13-9 

44 

Rm. Temp 

17-4 

45 

Rm. Temp 

20.7 

46 

Rm. Temp 

22.4 

47 

Rm. Temp 

24.1 

48 

Rm. Temp 

24.1 

49 

185 

8.3 

50 

185 

11.0 

51 

185 

13-8 

52 

185 

16.5 

53 

231 

7.4 

54 

231 

9.3 

55 

231 

9*3 

56 

231 

12.1 

57 

231 

12.1 

58 

231 

14.5 

59 



TEST 

T-1 




C.P. 

TITANIUM 



ROOM 

TEMPERATURE 

« 


227 

MPA 

<33/000 PS1) 


CREEP 



RECOVERY 


TIME (MIN) 

STRAIN 


TIME (MIN) 

STRAIN 

0 . 

0.0021110 


0 . 

0.0000491 

0.05 

0.002131 1 


0.15 

0.0000453 

0.15 

0.0021445 


0.65 

O.GU00446 

0.25 

0.002161 5 


1 .65 

0.0000442 

0.65 

0.0021720 


3.65 

0.0000431 

1 .65 

0.0021943 


5.65 

0.0000427 

2.65 

0.0022076 


9.65 

0.0000427 

5.65 

0.0022180 


1 3.65 

0.0000424 

4.65 

0.0022277 


1 7.65 

0.0000424 

5.65 

0.0022351 


22.00 

0.0000424 

6.65 

0.0022403 


26.00 

0.0000424 

7.65 

0.0022463 


30.00 

0.0000424 

3.65 

0.0022522 


34.00 

0.0000424 

9.65 

0.0022582 


38.01 

0.0000424 

10.65 

0.0022634 


41.99 

0.0000424 

1 1.65 

0.0022667 


4 5.98 

0.0000424 

1 2.65 

0.0022701 


49.96 

0.0000424 

1 3.65 

0.0022716 


53.94 

0.0000424 

1 4.65 

0.0022734 


57.93 

0.0000424 

1 5.65 

0.0022760 


61 .91 

0o0000424 

1 6.65 

0.0022801 


65.90 

0.0000424 

1 8.65 

0.0022872 


69.88 

0.0000424 

20.65 

0.0022931 


73.87 

0.0000424 

22.65 

0.0022998 


77.85 

0.0000424 

24.65 

0.0023054 


82. 14 

0 .000042 4 

26.65 

0.0023102 


86. 13 

0. 0000424 

28.65 

0.0023147 


90.11 

0.0000424 

30.65 

0.00231 99 


94. 10 

0.0000424 


TEST 

T-2 


C.P. 

TITANIUM 


ROOM 

TEMPERATURE 

* 

2 34, 4 

MPA (34/000 PSD 



CREEP 


RECOVERY 


TIME (MIN) 

STRAIN 

TIME (MIN) 

STRAIN 

0 . 

0.001 9730 

0 . 

0.0000861 

0.23 

0.0020035 

0.05 

0.0000698 

0.43 

0.00201 16 

0.12 

0.0000694 

1.40 

0.0020295 

1.10 

0.0000687 

2.40 

0.0020391 

3. 10 

0.0000676 

3.40 

0.0020458 

5.10 

0.0000668 

4.40 

0.0020510 

9.10 

0.0000665 

5.40 

0.0020562 

13.10 

0.0000663 

6.40 

0.0020599 

1 7.10 

0.0000661 

7.40 

0.00206S1 

21.10 

0.0000657 

8.40 

0.002G681 

25. 10 

0.0000654 

9.40 

0.0020718 

29.10 

O.00U0654 

1 0.40 

0.0020740 

33.10 

0.0000653 

1 1 .40 

0.0020785 

36. 10 

0.0000650 

1 2.40 

0.0020822 

39.10 

0.0000646 

1 3.40 

0.0020852 

42. 10 

0.0000639 

1 4.40 

0.0020889 

45.10 

0.0000635 

1 5.40 

0.002091 8 

48.10 

0.0000631 

1 6.40 

0.0020955 

51.10 

0.000U627 

1 7.40 

0.0020993 

54. 10 

0.0000627 

1 8.40 

0.0021022 

57. 10 

0.0000627 

19.40 

0.0021052 

63.00 

0.0000627 

2C.40 

0.0021082 

69.00 

0.0000627 

22.40 

0.0021126 

75.00 

0.0000627 

24.40 

0.0021178 

81.00 

0.0000627 

26.40 

0.0021230 

87.00 

0.0000627 

28.40 

0.0021282 

93.00 

0 .0000627 

3C.40 

0.0021319 
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TEST 

T-3 




C.P. 

TITANIUM 


• 


ROOM 

TEMPERATURE 


* 


2A8.2 

MPA (36/000 

PSI) 


CREEP 



RECOVERY 


TIME (MIN) 

STRAIN 

TIME (MIN) 

STRAIN 

0 . 

0.0028106 

0 . 

V 

0.00093A1 

0.03 

0.0028A79 

0.50 


0.0009751 

1 .GO 

0.002971 7 

1.00 


0.0009722 

2.00 

0.00301 A9 

2.00 


0.0009699 

3.00 

0.0030A25 

A. 00 


0.0009677 

A. 00 

0.0030671 

6.00 


0.0009658 

5.00 

0.0030372 

10.00 


0.00096AQ 

6.00 

0.0031051 

1 A. 00 


0.0009628 

7.00 

0.0031200 

18.00 


0.0009621 

8.00 

0.00313A2 

22.00 


0.000961A 

9.00 

0.0031A91 

26.00 


0.000961 0 

1 €.00 

0.0031618 

30.00 


0.0009602 

11.00 

0.0031 7A5 

3A.00 


0.0009599 

1 2.00 

0.0031 36A 

38.00 


0.0009595 

1 3.00 

0.0031991 

A2.00 


0.0009591 

1 A. 00 

0.0032095 

A6.00 


0.0009587 

1 5.00 

0.0032207 

50.00 


0.000958A 

1 6.00 

0.0032319 

5A. 00 


0.0009580 

1 7.00 

0. 0032A2 3 

58.00 


0.0009576 

1 8.00 

0.0032520 

62.00 


0.0009573 

1 9.00 

0.003261 7 

66.00 


0.0009565 

2 C .00 

Q. 0032699 

70.00 


0.0009565 

22.00 

0.0032885 

7A.00 


0.0009563 

2 A .00 

0.0033057 

78.00 


0.0009563 

26.00 

0.0033221 

82.00 


0.0009561 

28.00 

0.0033381 

86.00 


0.0009561 

30.00 

0.00335A1 

90.00 


0.0009558 



9A.00 


0.0009558 


TEST T-4 
C.P. TITANIUM 
ROOM TEMPERATURE 
262.0 MPA <38,000 PSI) 


CREEP 


RECOVERY 


TIME (MIN) 

STRAIN 

TIME {MINT 

STRAIN 

0 . 

0.0030104 

0 . 

O.OOOU572 

0.05 

0.0030156 

1,00 

0.000051 3 

1 .00 

0.0030537 

2.00 

0.0000491 

2.00 

0.0030825 

4.00 

0.000U468 

3.00 

0.003101 1 

8.00 

0.0000453 

4.00 

0.0031160 

12.00 

0.0000439 

5.00 

0.003 13Q8 

16.00 

0.0000435 

6.00 

0.0031420 

20.00 

0.0000431 

7.00 

0.0031539 

24.00 

0.0000427 

8.00 

0.0031628 

28.00 

0.0000427 

9.00 

0.0031754 

32.00 

0.0000427 

i a. oo 

0.0031 836 

36.00 

0.0000427 

1 1.00 

0.0031925 

40.00 

0.0000427 

12.00 

0.0032022 

44.00 

0.0000424 

1 3.00 

0.0032113 

48.00 

0.0000424 

1 4.00 

0.0032200 

52.00 

0.0000424 

1 5.00 

0.0032297 

56.00 

0.0000424 

1 6.00 

0.0032379 

60.00 

0.0000424 

1 7.00 

0.0032475 

64.00 

0.0000422 

1 8.00 

0.0032550 

68.00 

0.0000421 

1 9.00 

0.0032631 

72.00 

0.0000416 

2 C .00 

0.0032713 

76.00 

0.0000401 

22.00 

0.0032384 

80.00 

0.0000394 

24.00 

0.0033055 

84.00 

0.0000337 

26.00 

0.0033226 

88.00 

0.0000367 

28.00 

0.0033397 

92.00 

0.0000335 

30.00 

0.0033560 

96.00 

0 .0000 334 

31.00 

0.0033627 

100.00 

m 

0.0000379 


3 * 



TEST 

r-5 




C.P. 

T I TANI UM 




ROOM 

T EMPERATURE 




275 .8 

MPA (40*000 

PSD 


CREEP 



RECOVER Y % 


TIME (MIN) 

STRAI N 

TIME (MIN) 

STRAIN 

0 . 

0.0028310 

0 . 


0.0014 71 0 

0.05 

0.0029280 

0. 50 


0.0014590 

0.10 

0 . 003 0050 

1.00 


0.0014540 

1.10 

0.0031520 

2.00 


0.0014510 

2.10 

0.0032350 

4.00 


0.0014480 

3.10 

0.0032870 

6.00 


0.0014460 

4.10 

0.0033450 

8.00 


0.001 4450 

5.10 

0.0033930 

10.00 


0.0014440 

6.10 

0.0034270 

14.00 

* 

0.0014380 

7.10 

0.0034760 

18.00 


0.0014370 

8.10 

0.0034990 

22.00 


0.0014370 

9.10 

0.0035320 

26.00 


0.0014360 

1 0.10 

0.0035660 

30.00 


0.0014360 

11.10 

0.0035920 

34.00 


0.0014360 

12.10 

0.0036220 

38.00 


0.0014360 

1 3.10 

0.0036520 

42.00 


Q. 0014330 

14.10 

0.0036760 

46.00 


0.0014330 

1 5.10 

0.0036970 

50.00 


0.0014330 

16.10 

0.0037260 

60.00 


0.0014330 

1 8.10 

0.0037740 

70.00 


0.0014330 

2C.10 

0.0038180 

80.00 


0„001 4330 

22.10 

0.003861 0 

90. f 0 


0.0014330 

24.10 

0.0039060 




26.10 

0.0039460 




28.10 

0.0039760 




3C.10 

0. 004 Cl 00 







TEST 

T — 6 




C.P. 

TITANIUM 

t 


306 

DEG. 

CELCIUS 



69.0 

MPA 

<10,000 PSD 

• 

CREEP 



RECOVERY 


TIME (MIN) 

STRAIN 


TIME (MIN) 

STRAIN 

Q. 

0.0007841 


0. 

0.0000761 

0.50 

0.0007925 


1.00 

0.0000723 

1.00 

0 . 000 EG0 1 


2.00 

0.000071 6 

2.00 

0.0008123 


3.00 

0.0000693 

3.00 

0.0008183 


4.00 

0.0000678 

4.00 

0.0008267 


5.00 

0.0000670 

5.00 

0,0008343 


6.00 

0.0000655 

6.00 

0.0008389 


7.00 

0.0000647 

3.00 

0.0008450 


8.00 

0.0000647 

1 C.OO 

0.0008450 


' 0.00 

0.0000624. 

1 2.00 

0.0008450 


12.00 

0.000061 7 

1 4.00 

0.0008452 


16.00 

0.000061 2 

1 6.00 

0.0008452 


20.00 

0.000061 2 

1 8.00 

0.0008455 


30.00 

0.0000612 

2 C.OO 

Oo 000 84 5 5 


39.99 

0.000061 2 

22.00 

0.0008457 


50.02 

0.000061 2 

24.00 

0.0008457 


59.80 

0.000061 2 

26.00 

0.0008457 


70.20 

0.0000612 

28.00 

G « 000 84 5 7 


80.08 

0.000061 2 

3C.OO 

0.0008457 


89.96 

0.000061 2 

32.00 

0.0008457 


99.84 

0.0000612 

34.00 

0.0008457 


110.24 

0.000061 2 

36.00 

0.0008457 


120.12 

0.0000612 

4C.00 

0.0008457 


130.00 

0.000061 2 

42.00 

0.0008457 


139.88 

0.0000612 

44.00 

0.0008457 


149.76 

0.000061 2 

48.00 

0.0008457 


160.16 

0.000061 2 

52.00 

0.0008457 


1 70.04 

0.0000612 
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STRAIN 


CREEP 
TIME (MIN) 


TEST T-7 
C.P. TITANIUM 
306 DEG. CELCIUS 
82.7 MPA <12,000 PSI) 

RECOVERY 

STRAIN TIME (MIN) 


0 . 

0.0009259 

0.05 

0.0009346 

0.10 

0.0009476 

1.10 

0.0009766 

2.10 

0.0009954 

3.10 

0.001 0090 

A. 10 

0.001 0210 

5.10 

0.001 031 0 

6.10 

0.001 0340 

8.10 

0.001 0520 

1 0.00 

0.001 0550 

1 2.00 

0.001 0560 

14.00 

0.001 0590 

1 6.00 

0.001 0610 

1 8.00 

0.001 0640 

20.00 

0.0010660 

22.00 

0.001 0660 

2 4.00 

0.001 0660 

26.00 

0.0010680 

28.00 

0.001 0690 

30.00 

0.001 0740 

32.00 

0.0010750 

34.00 

0.001 0750 

38.00 

0.001 0770 

42.00 

0.001 0770 

46.00 

0.001 0780 

50.00 

0.001 0780 

54.00 

0.001 0780 


0 . 


0.0000796 

1.00 

* 

0.0000723 

2.00 


0.0000723 

3.00 


0.0000709 

4.00 


0.0000709 

6.00 


0.0000709 

8.00 


0.0000709 

10.00 


0.0000709 

20.00 


0.0000709 

30. OQ 


0.0000709 

40.01 


0.0000709 

50.00 


0.0000709 

59.99 


0.0000709 

69.98 


O.OOOJ 709 

79.92 


0.0000709 

90. 18 


0.0000709 

99.90 


0 .0000709 

110.16 


0 .0000709 

1 19.83 


0.0000709 

130.14 


0.0000709 

139.36 


0.0000709 

150.12 


0.0000709 

159.84 


0.0000709 

1 70.10 


0.0000709 

1 79.82 


0.0000709 


37 


STRAIN 


CREEP 

TIME (MIN) 


TEST T-8 
C.P. TITANIUM 
306 0 EG* CELCIUS 
110.3 MPA (16/000 PSI) 

RECOVER* 

STRAIN TIME (MIN) 


0 . 

0.001 231 0 

0.05 

0.001 6460 

0.10 

0.001 7590 

Q . 1 5 

0.001 8320 

0.25 

0.001 9280 

C.35 

0.001 9330 

0.85 

0*0021020 

1*85 

0.0022220 

2.85 

0.0023020 

3*85 

0.002 3580 

4.85 

0.0023950 

5.85 

0.0024240 

6.85 

0.0024480 

8.35 

0.0024830 

10.35 

0.0025110 

1 4.85 

0.0025440 

18.35 

0.002 5650 

2 2.35 

0.0025810 

26.85 

0.0025940 

30.85 

0.0026020 

34.35 

0.0026070 

38.85 

0.0026100 

42.85 

0.0026130 

46.85 

0.0026180 

50.85 

0.0026240 

52.00 

0.0026260 


0. 


0.0020940 

0.05 


0.0020820 

0. 10 

* 

0.0020800 

0.20 


0.0020790 

0.33 


0.0020 790 

1.33 


0.0020780 

2.30 


0.0020780 

3.33 


0.0020770 

5.33 


0.0020770 

7.30 


0 .0020770 

10.00 


0.0020770 

20.00 


0.0020770 

30.00 


0.0020770 

39.99 


0.0020770 

50.02 


0.0020770 

59.80 


0.0020770 

70.20 


0.0020770 

80.08 


0.0020770 

89. 96 


0.0020770 

99.84 


0.0020770 

110.24 


0.0020770 

120.12 


0.0020770 

1 30.00 


0.0020770 

139.88 


0.0020770 

149.76 


0.0020770 

1 60. 16 


0.0020770 

170.04 


0.0020770 


1 


PS I) 


CR EEP 
TIM? (MIN) 


STRAIN 


RECOVERY 

TIME (MIN) STRAIN 


lllll 


0.75 

1 .00 


i 0.0013204 

0,50 

0.00 1391 6 

1 0. 0013960 

1 .00 

0.0018904 


7 5.00 

8 C .00 


95.00 
ICC. 00 


0.00H832 

0.0016233 


0,0018120 


0.0013556 

0.0019252 


0.0019776 


0.00241 72 
0.0024228 


0.0024348 


0.0024376 

0.0024420 


0.00244 72 
0,0024496 


0.0024516 

0.0024576 


1 .50 
2.50 


3.50 

4.00 



Inll 


nin 


34.00 


0.0013888 

0.0C18376 


0.0018856 

0.0002852 


0 

0.0018852 

0 

0.0018352 

0 

0.0016352 

0 

O.OG13S52 


1 5.00 
2C.00 

0.0021288 10.00 0.0018343 

0.0022148 12.00 0.0018844 

2 5.00 
3C.00 

0.0022844 14.00 0.0C16344 

0.0023352 16.00 0.0C18S44 

35.00 

4C.00 

0.0023672 13.00 0.0013844 

0.0023876 20.00 0.0C1S844 

45.00 

5C.00 

0.0024000 22.00 0.0C1G840 

0.0024080 24.00 0.0018836 


0.0018836 
0. PCI £8 3 6 
0.0018820 
0.001S81 6 


0.001881 6 















422 DEG. C EL C I US 
44 . 1 MPA (6,400 PS I) 


CREEP 
TIME ( MIN) 


STRAIN 


RECOVERY 
TIME (MIN) 


8.00 

9.00 


62.0 


0.0005780 

0.0005930 

0.0006060 


0.00061 70 
0.0006250 


0.0006310 

0.0006320 


0.0006340 

0.0006350 


0.0006350 

0.0006350 


0.0006370 

0.0006440 


0.0C064 50 
0.000651 0 


0.0006530 

0.0006550 


0.0006610 

0.0006640 


0.0006720 

0.0006740 


0.0006770 

0.0006770 


0.0006770 

0.0006790 


0. 0C0683Q 
0.0C06830 


0.0006840 



















I 

I 

i 

l 

I 

I 

I 

T 



TEST 

T-11 



C.P. 

TITANIUM 



422 1 

DEG. CEICIUS 



44.1 

MPA (6*400 PSI) 


CREEP 


RECOVERY 


TIME (MIN) 

STRAIN 

VlME (MIN) 

STRAIN 

0, 

0.0004784 

0. 

0.0002721 

C.02 

0.0004835 

2.00 

0.0002502 

0.05 

0.0004905 

4.00 

0.0002380 

0.10 

0.0004941 

6.00 

0.000229G 

1 .00 

0.0005303 

8.00 

0.0002259 

2.00 

0.0005472 

1 2.00 

0.0002181 

4.00 

0.0005785 

16.00 

0.0002135 

6.00 

0.0005837 

20.00 

0.0002120 

8. 00 

0.0005935 

24.00 

0.0002111 

1 C.OQ 

0.0006004 

28.00 

0.0002095 

1 2.00 

0.0006044 

32.00 

0.0002093 

1 4.00 

0.0006044 

36.00 

0.0002093 

1 6.00 

0.0006069 

40.00 

0.0002093 

1 8.00 

0.0006131 

50.00 

0.0002092 

2C.OO 

0.0006148 

60.00 

0.0002092 

22.00 

0.0006172 

70.00 

0.0002092 

26.00 

0.0006208 

80.00 

0.0002086 

30.00 

0.0006244 

90.00 

0.0002083 

34.00 

0.0006291 

100.00 

0.0002077 

38.00 

0.0006342 

110.00 

0.0002064 

42.00 

0.0006393 

120.00 

0.0001 945 

46.00 

0.0006462 

1 30.00 

0.0001 945 

50.00 

0.0006486 

140.00 

0.0001 924 

54.00 

0.0006551 

1 50.00 

0.0001 922 

58.00 

0.0006607 

160.00 

0.0001 917 

62.00 

0.0006646 

170.00 

0.0001 91 7 

64.00 

0.0006684 

1 80.00 

0.0001 899 



184.00 

0.0001 899 


«i * 
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SLf 



STRAIN 


TEST T-12 
C.P. TI.ANIUM 
422 DEG. CELCIUS 
55.2 MPA (8, GOD PSD 


CREEP 


I ME (MIN) 

STRAIN 

C. 

C. 0006832 

0.02 

0.0006873 

0.05 

0.0006894 

0.10 

0.0006914 

1 .00 

0.0007150 

2.00 

0.0007265 

4.00 

0.0007503 

6.00 

0.0007636 

8 .00 

0.0007759 

1 0.00 

0.0007830 

1 2.00 

0.0007377 

14.00 

0.0007904 

16.00 

0.0007907 

13.00 

0.0007924 

20.00 

0.0007963 

24.00 

0.0008045 

28.00 

0.0008104 

32.00 

0.0008207 

36.00 

0.0008328 

4C.OO 

0.0008440 

44.00 

0.0008493 

48.00 

0.000851 0 

52.00 

0.0008543 

56.00 

0.0008596 

60.00 

0.0008657 

64.00 

0.0008690 

68.00 

0.0008690 


RECOVERY 
TIME (MIN) 


0. 

0 .0001 708 

0.05 

0.0001 670 

0.10 

0.0001 667 

0.15 

0.0001 664 

1.00 

0.0001 449 

2.00 

0.0001 334 

3.00 

0.0001 31 9 

4.00 

0.0001 252 

8.00 

0.0001169 

12.00 

0.0001 165 

16.00 

0 .0001 763 

20.00 

0. 0001 160 

30.00 

0.0001095 

40.00 

0.0001 025 

50.00 

0.0000963 

60.00 

0.0003931 

70.00 

0.0000886 

80.00 

0.0000827 

90.00 

0.000081 9 

1 00.00 

0.0000804 

110.00 

0.0000801 

120.00 

0.0000739 

130.00 

0.0000686 

140.00 

0.0000651 

150.00 

0-00UU651 

160.00 

0.0000651 

1 70.00 

0.0000651 

180.00 

0.0000651 

205.00 

0.0000651 
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TEST 

T-1 3 



C .P. 

TITANIUM 



422 DEG. CELCIUS 



66.2 

MPA* (9/600 PSI) 


CREEP 


RECOVERY 


TIME (MIN) 

STRAIN 

TIME (MIN) 

STRAIN 

0. 

0.001 Cl 30 

0. 

0.0005034 

0.02 

0.001 0200 

0.05 

0.0004899 

0.05 

0.001 0250 

0.10 

0.0004890 

0.08 

0.001 0290 

0.13 

0.0004882 

1.00 

0.001 0370 

2.10 

0.0004319 

2.00 

0.001 1240 

4. 10 

0.0004116 

3.00 

0.0011430 

6.10 

0.0003973 

6.00 

0.001 1910 

8.10 

0.0003887 

8.00 

0.001 2140 

12.10 

0.0003756 

1 C. 00 

0.001 2300 

16.10 

0.0003687 

1 2.00 

0.001 2480 

20.10 

0,0003607 

1 4.00 

0.0012580 

24.10 

0.000351 a 

16.00 

0.001 2700 

28.10 

0.000351 4 

18.00 

0.001 2840 

30.00 

0.0003506 

20.00 

0.001 2390 

40.00 

0.0003398 

22.00 

0.001 2970 

50.00 

0.0003318 

24.00 

0.001 3080 

60.00 

0.0003300 

26.00 

0.001 3160 

70.00 

O.G003243 

28.00 

0.001 3250 

80.00 

0.0003202 

3C.00 

0.001 3330 

9b.no 

0.0003172 

34.00 

0.001 3440 

100.00 

0.0003074 

38.00 

0.001 3610 

1 10.00 

0.0003071 

42.00 

0.001 3680 

120.00 

0.0003070 

46.00 

0.001 3810 

1 30.00 

0.0003068 

50,00 

0.001 3850 

140.00 

0.0002981 

54.00 

0.001 3920 

150.00 

0.0002969 

58.00 

0.001 4070 

160.00 

0.0002925 



170.00 

0.0002916 



180.00 

0.0002904 


Of-FICf ELECTRONICS LHC #1 


TEST A-1 

1100 A L UMINUM 

ROOM TEMPERA FORE 
15.9 MPA (2020 PS I ) 


CR EEP 

TIME (MIN) STRAIN 

TIME <a 

RECOVERY 

IN) STRAIN 

• 

G. 

O.OfOl 893 

0 . 


O.OCO021 3 


C. 05 

0.0C01 925 

0.05 


0.00001 34 

1 • - 

0.15 

0.0C019A0 

0.15 


0.00001 28 


1.15 

0.00019 54 

1 .15 


a.ccoci i 7 


2.15 

O.OCOI 966 

2.15 


0.0GCC093 


3.15 

0.0001972 

3.15 


0.0000090 


A. 15 

O.OCOI 98 1 

4.15 


0 .0000035 


5.15 

C.CCC1 981 

5.15 


0.0000076 


<5.15 

0.0001982 

6.15 


0.0000073 


7. 15 

0.0001982 

3.00 


0 • OOOCO 7 5 


E. 1 5 

0.0001932 

10.00 


0.0000073 


5.15 

0.0001932 

12.00 


0. 000CJ73 

' 

10.15 

0.0001982 

14.00 


0.0000073 


11.15 

0.OCO1982- 

1 3.00 


0.0000073 


12 .no 

0.0001982 

22.00 


0.0000073 


1 3.00 

0.0001932 

26.00 


0.0000073 


1 A. 00 

0 .0001 932 

30.00 


0.0000073 


1 5.00 

0.0001932 

5 5.00 


0.0000073 

* . 

Id. 00 

0.0C01982 

40.00 


0. 0G0P073 


1 7.00 

0.0001932 

45.00 


0.0000073 


1 E.00 

0.0001932 

50. OC 


0.0000073 


1 5.00 

0.0C01982 

55.00 


0.0000073 


2C.00 

0 .0001 982 

60.00 


0.0000073 



f 


< 


zi 


i . LI 

o; 

6 

e 

4 

9 


9 


9 

£ 




CR EEP 


TEST A~2 

1 TOO ALtJ.tl MU ,1 

ROOF TEMPERATURE 

11. 1 .FPA U.S 


RECOVERY 


TRAIN 


3.00 
Jk.GLQ- 

5.00 


7.00 


0.0002904 

-ji.omzau 

n.nco2942 

-_0. ._Q.Qil? 9_4 2 

0 .000 2 s' A 3 

n. 0002948 

Q.0CG2948 

_0 ^Q.CC_29_5jO 

n .0002950 

0.0 0 029 5.0 

0.0 (.02956 

0.0002956 

0.0002956 


0 .0 5 
,2l.J_5_ 

1 .00 

2..JK1 


1 5 .00 

_zo..nD 

25. CO 

■JLD..J1Q 

35.00 
4 n. no 
A 5 . 0 C 

_5a^nc 

55. CO 


65.00 
-JJLJ1Q 

75.00 

80 .00 
90.00 


0.0000291 

0 . DC P C 2 58 

0.00002 83 
0.0 0002 88 „„ 
0 ,00002 83 

n. 00002 88 

0,00002 88 
0.0 CC Q2 38 
0.0000283 

*0 "00002 88 " 

0_. ILCJlQ2_iLS 

C. 0000288 

0.0000288 




0.0000288 

_n._arimzM 

0 . 0000 2 38 

_CL. .'20-002,3-3 

0.000G283 


LLC* HOHIC5 


TEST A-3 





1100 

ALU. -11 MUM 






r O' j y. 

20. . 

TEMPE RA T U P E 
/PA < 3000 PS I ) 


1 l 
i . . 




CR EEP 
TIPE (MIN) 

STRAIN 

RECOVERY 
THE (HIM) 

S T RA IN 




0. 

0.0002895 

0. 

0.0C00979 




C . 03 
C. 50 

0.0002979 

0.0003090 

0.02 

0.05 

0.0C00970 

C.0C00961 

L . , 



1.00 
1. 50 

0.00031 07 
O.OC03122 

1.00 
2 .00 

O.OGOC952 

0.0000949 




2.00 

4.00 

0.0 CO 31 28 
0.0CG31 49 

6.00 
1 0.00 

0.0000946 

0.0000943 




6.00 

2.00 

0.00031 67 
0.0C031 76 

14.00 

18.00 

0.0000943 

0.0000940 




1 C.OC 
1 2.00 

0. 0003183 
0.0C031 94 

■Hi 

0 . G00090 1 
0.0000899 




1 4.00 
1 6.00 

0.0003200 

0.0003212 

30.00 
34. CO 

0.0000399 

0.0000899 




0.18 

2-C^no 

0.000321 S 
0.0003224 

38.00 

42.00 

0.0000899 

0.0000899 




22.00 
2 4.00 

O.OCG322 7 
0.0003230 

4 6.00 
50.00 

0.0000399 
0 . 0C0C399 




2 6.00 
28.00 

0.0C03231 
0.QC032 36 

54. CO 
53.00 

0.0000899 

0.0000899 




3 0.00 

0.0003236 

62.00 

66.00 

0.0000899 

0.0000899 






70.00 
74 .00 

0 .00 008 99 
0. 00 00 899 






73.00 
32 .00 

0.0C0089? 

0.0000393 





• 

86.00 

90.00 

0.0000398 

0.0000897 

























TEST A-5 
1100 ALUMINUM 
ROOM TEMPERATURE 
24.1 MPA (3500 PSD 


CREEP 


RECOVERY 


TIME (MIN) 

STRAIN 

TIME (MIN) 

STRAIN 

0 . 

0. 000294Q 

0 . 

0.0001 060 

0.02 

0.0002960 

1.00 

0.0001050 

1.00 

0.0003060 

2.00 

0.0001 050 

2.00 

0.0003080 

3.00 

0.0001 050 

3.00 

0.0003100 

4.00 

0.0001 040 

4.00 

0.0003120 

5.00 

0.0001 040 

5.00 

0.0003140 

6.00 

0.0001 040 

6.00 

0.0003150 

7.00 

0.0001040 

7.00 

0.0003160 

8.00 

0.0000970 

a. oo 

0.00031 70 

1 0.00 

0.0000970 

9.00 

0.0003170 

12.00 

0.0000970 

1 0.00 

0.00031 80 

14.00 

0.0000970 

1 2.00 

0.000 3190 

16.00 

0.0000970 

1 4.00 

0.0003200 

18.00 

0.0000970 

1 6.00 

0.0003200 



1 8.00 

0.0003210 



2C.Q0 

0.0003220 



22.00 

0.0003220 



24.00 

0.0003230 



26.00 

0.0003230 



28.00 

0.0003230 



30.00 

0.0003240 




TEST A -6 
1100 ALUMINUM 
ROOM TEMPERATURE 
24.1 MPA (3500 PSI) 


CREEP RECOVERY 


TIME (MIN) 

STRAIN 

TIME (MIN) 

STRAIN 

0. 

0.0004096 

0. 

0.000271 0 

0.50 

0.0004310 

0.03 

0.000268J 

1.00 

0.0004330 

0.50 

0 .0002660 

2.00 

0.0004350 

1.00 

0.0002660 

3.00 

0.0004370 

2.00 

0.0002650 

4.00 

0.0004380 

3.00 

0.0002650 

5.00 

0.0004390 

4.00 

0.0002650 

6.00 

0.0004390 

5.00 

0.0002650 

7.00 

0.0004400 

9.00 

0.0002650 

a. oo 

0.0004400 

13.00 

0.0002650 

9.00 

0.000441 0 

17,00 

0.0002650 

1 G.00 

0.0004410 

21 .00 

0.0002650 

1 2.00 

0.0004420 

25.00 

0.0002650 

1 4.00 

0.0004420 

35.00 

0.0002640 

1 6.00 

0.0004430 

45.00 

0.0002640 

1 8.00 

0.0004430 

55.00 

0.0002640 

2G.00 

0. Q00444G 

65.00 

U. 0002640 

22.00 

0.0004440 

75.00 

0.000264 0 

24.00 

0.0004440 

85.00 

0.0002640 

26.00 

0.0004440 

95, GO 

0.0002630 

28.00 

0.0004450 

1 05.00 

0.0002630 

3C.00 

0.0004450 

115.00 

0.0002630 

32.00 

0.0004450 

125.00 

0.0002630 

36.00 

0.0004450 

135.00 

0.0002630 

38.00 

0.0004460 

1 45. GO 

0.0002630 

40.00 

0.0004460 




I 

1 

l 

1 

1 

! 

T ^3 


Oft 




TEST 

A - 7 



1100 

ALUMI NUM 



185 

DEG. C6LCIUS 



8.3 

MPA ( 1200 PS I ) 


CREEP 


RE COVER Y 

* 

TIME (MIN) 

STRAIN 

TIME (MIN) 

STRAIN 

0 . 

0, 000191 0 

0 . 

0.0000380 

0.05 

0.0002020 

0.05 

0.0000330 

0.10 

0.0002060 

0.15 

0.0000370 

0.20 

0.00021 1 0 

1 .10 

0.0000340 

0.70 

0.0002190 

2.10 

0.0000340 

1.20 

0.0002230 

3.10 

0.0000340 

2.10 

0.0002250 

4.10 

0.0000340 

3.10 

0.0002260 

5.10 

0.0000340 

4*10 

0.0002260 

6.10 

0.0000340 

5.10 

0.0002260 

7.10 

0,0000340 

6.10 

0.0002260 

8.00 

0.0000340 

8.10 

0.0002260 

10.00 

0.0000340 

1 Q. 10 

0.0002260 

12.00 

0.0000 340 

12.10 

0.0002260 

14.00 

0.0000340 

1 4.00 

0.0002260 

20.00 

0.0000340 

1 6.00 

0.0002260 



1 8.00 

0-0002260 




50 



TEST A-3 
1100 ALUMINUM 


135 DEG. CEL Cl US 
11 .0 MPA ( 1600 PSI ) 



CR EEP 
T I PE (MIN) 



6 

1 C 
1 2 


1 A 
1_d 
1 8 

2 C 
22.45 
24 .J, 5 
26 
2 


3C.45 
3 2. 45 


5 

5 


5 

5 


42.45 

43.45 


STRAIN 


0.0CD1 986 
Q.nr020 45 
0.00021 00 
0.0CC21 55 


0.00021 73 
0 . ° 0022 Q 5 
0 . u002 2 4 0 
0.000 2298 
0.0 CO 2 34 2 
0.0002391 
0 .0002420 
O .COC24 71 
.0002502 
.0002511 
0.0002537 
0.0 002554 
0.0002578 
0.0002598 
0.0C02627 
0 . 0 CO 2 6 4 2 


C.OC02632 

0.0002709 


0.0CO2738 

0.00G2746 


0.0C02513 
0.0002S1 5 


RECOVERY 
TIME (MIN) 


0. 

0.0 5 

0.1 0 

1 .00 



5.00 

6 .00 

d. on 
10.00 
12.00 
16.00 
20.00 
2 4 .CO 

23.00 

32.00 

36.00 

4 0.00 

50.00 

60.00 


70.00 

79.99 


39.98 

99.98 


1 10.02 
120.01 


1 30. GO 
1 40.00 


ST R A IN 


0. QCQ 1 037 
0.0001 008’ 
0.0000996 
0.0000947 
0.0000891 


0.0000862 

0.0000853 


0.0000324 
Q. 0000 818 
0. 0C00301 
0.0CQP 7 7 5 
0.0C00775 
0 . 0000757 
0. 000071 6 
0.0000703 
0.0C00703 
0.0000690 
0.0C00676 
0. 00006 75 
0.0000674 
0. 0000674 


0.0000674 
0.0000674 
0.0000674 
0. 0000674 
0 .0CG0674" 
C. P0QP674 
0.0000674 
0 , 0000 6 74 








TEST A-10 
1100 ALU M I MU i'1 


135 DEG. CELCIUS 
16.5 HP A ( 24 Q Q PS I ) 


' CREEP 


RECOVERY 



TIME (MIN) 

STRAIN 

TIME (MIN) 

STRA IN 


. c. 

P.0C034 76 

0. 

0.0002548 


C.02 

0.0003568 

0 . G 5 

0.QC02519 


C. 05 

0.0003613 

1 .00 

0.0002476 


1 .CO 

0 .000 39 2 5 

2.00 

0.00024 2 8 


2.00 

0.0004062 

3.00 

0.CC02422 


3.00 

0 .00041 73 

4. CO 

0 .0002 3 7 9 


4.00 

0.00042 57 

5.00 

O.0C02376 


6.00 

0 .0004 368 

7. CO 

0.0002348 


s. on 

0 .00044 36 

3. CO 

0.0002348 


1 C. 00 

0.0004509 

10.00 

0.0002312 


1 2.00 

0.0004620 

14.00 

0.0002310 


u.oo 

0.0004593 

15.00 

Q.0CQ23 09 


1 6.00 

0.0004642 

22.00 

0.0C02309 


1 8.00 

0.0CC4637 

26.00 

0.0C02308 


2 C .00 

0.0C04761 

30. GO 

0 .0002 2 54 


24.00 

0.0C04535 

40.00 

n. 0002 2 81 


28.00 

n .0004899 

50.00 

0.0C-02251 


32.00 

0.0C04994 

60.00 

0.0002251 


36.00 

0.0005057 

70.00 

0.0002251 


4C.00 

0 .00051 31 

30. CO 

0.00022 51 


4 4.00 

0.00051 90 

90.00 

0.0C02251 


4 8.00 

0.0005227 

1 00.00 

G.0C02251 


52.00 

0.0005239 

110.00 

0.0002251 


56.00 

0.0005264 

1 20.00 

0.0002251 


6C.C0 

0.0005273 

i 3o.cn 

0.CC02251 




1 40.00 

0.0C022 51 




1 60.00 

0.0C022 51 




1 80.00 

O.0CO2251 
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TEST A — 1 1 
1100 ALUMINUM 
231 DEG. CELCIUS 
7. A MPA < 1 080 PSI) 


CREEP 


RECOVER V 


TIME (MIN) 

STRAIN 

TIME (MIN) 

STRAIN 

0 . 

0.0001200 

0 . 

0.0000710 

0.10 

0.0001270 

0.05 

0.0000700 

0.60 

0.0001380 

0.10 

0 .0000 690 

1.10 

0.0001440 

1.10 

0.0000690 

2.10 

0.0001480 

2.10 

0.0000690 

3.10 

0.0001 510 

3.00 

0.0000690 

4.10 

0.0001530 

4.00 

0.0000690 

5.10 

0.0001530 

6.00 

0.0000690 

6.10 

0.0001530 

8.00 

0.0000690 

7.10 

0.0001540 

10.00 

0.0000690 

8.10 

0.0001580 

12.00 

0.0000690 

9.10 

0.0001590 

14.00 

0.0000690 

1 C.10 

0.0001610 

16.00 

0.0000690 

1 2.10 

0.0001630 

18.00 

0.0000690 

14.00 

0.0001670 

# 


1 6.00 

0.0001720 



18.00 

0.0001750 



2C.00 

0.0001820 



2 2.00 

0.0001820 



2 4,00 

0.0001820 



28.00 

0.0001820 




CREEP 

yj .a 


RECOVERY 

i .ME Jna) str ain 


:.03 

0.0C01279 

0.10 

0.0005059 

.10 

0.0001404 

. 0X15 . _ 

0.0C04995 

:. is 

0.0001462 

0.17 

0 .0004978 

:.20 

0.0001482 

1 . 16 

... 0.00044 89 

:.so 

0.0C01 574 

2.16 

0.0004254 


0.0 G021 69 


0.0002642 


10.16 


0.0003997 


0.0003652 


0.0C02964 


0.0003239 


0.0003959 


50.1 6 


0.0003088 


0.0004648 


70 .1 6 


0.0002969 


0.00051 69 
n. 0005455 
0.0005751 
__ajiLQAoa^ 
0.0006231 


90.00 

JLD1.XQ 

1 20 .00 

_1AJ.Q.CL 

1 50.00 


0.0002958 

J1XLC-Q25X8 

0.0002958 


0.0002958 


0.0C06665 


0.0007021 


200 .00 


240.00 


0.0002958 
._0_._00 029X3 
0.0002958 


0.00073 39 











_ __ _ 1 

TEST A- 1 3 

• 



1100 ALUMINUM 




231 DEG. CCLCIOS 



i 

9. 3 MPA (1 350 PSD 





CR EEP 
TIME (MIN) 

STRAIN 

RECOVERY 
TIME (MIN) 

STRA IN 

i 

. c. 

0.0002073 

0. 

0.0CQ6790 

i... 

C. 02 

0.0002164 

0.05 

0.0006623 


C .05 

0.0002255 

0.10 

0.0006530 


0. 10 

0.0002395 

0.15 

0.00064 51 

t 

C. 1 5 

0. 00 02497 

0.2 5 

0.0006346 


C.30 

0.0002760 

1.25 

0.0005870 


o.so 

0.0C033 58 

3.25 

0.00C5446 


1.30 

0.0003331 


0, 00052 57 


3.30 

0.0004424 

1 0.25 

0.0CO5035 


5.80 

0. 000433 3 

15.25 

0.0004848 


8. 80 

0.0C052 57 

20.25 

0.0G04763 


1 1.80 

0.0005651 

25.25 

0.0G04696 


1 5.30 

0. 20061 21 

30.25 

0.0004600 


1 8 „ 50 

0.0006422 

40.25 

0,0004541 


21.80 

0.0006682 

50 .25 

0 . 0004 5 38 


24.30 

0. 0006936 

60.25 

0.0004526 



0.00071 55 

70 .25 

0.0004524 


3C.80 

0.000741 5 

80.00 

0.0004524 


3 3.80 

0.0007634 

90 .00 

0.0004524 


36.80 

0.0007856 

1 00.00 

O.0CQ45 24 


39.80 

0.0008033 

1 1 J .00 

0.OCO4524 


42.80 

0.0008270 

1 20.00 

0.0004524 


45.80 

0.0006457 

1 30 .00 

0.0004524 


4 8. 80 

0.0008629 

140.00 

0.0004524 


51.80 

0.0008790 

1 50.00 

0.0C04524 


5 4.80 

D. 0006951 

1 60. CO 

P.0C04524 


57.80 

O.OOC9Q 68 

1 70.00 

0 .0004524 



180. on 0. 0004524 





TEST A- 1 4 
1100 ALUMINUM 
231 OEG. CELCIUS 
12.1 MPA <1750 PSI) 


CREEP 


RECOVERY 


TIME (MIN) 

STRA I N 

TIME (MIN) 

STRAIN 

0 . 

0.0001249 

0 . 

0. OOP'1559 

0.02 

0.0001272 

0.02 

0.001 >545 

0.05 

0.0001288 

0.05 

0.G0UU541 

0.10 

0.0001296 

1.00 

0.0000521 

1.10 

0.0001357 

2.00 

0.0000520 

2.10 

0.000141 1 

4.00 

0.0000520 

3.10 

0.0001427 

6.00 

0 .0000520 

4.10 

0.0001453 

8.00 

0.0000520 

5.10 

0. 0001464 

10.00 

0.0000520 

6.10 

0.0001432' 

14.00 

0 .0000520 

8.10 

0.0001546 

18.00 

0.0000520 

1 C.10 

0.0001561 

22.00 

0.0000520 

12.10 

0.0001590 

26.00 

0.0000520 

1 4.10 

0.0001618 

30.00 . 

0.0003520 

16.10 

0.0001651 

34.00 

0 .0000507 

20.10 

0.000171 8 

40.00 

0.0000507 

24.10 

0.0001739 

50.00 

0.0000494 

28.10 

0.0001830 

60.00 

0.0000494 

32.10 

0.0001876 

70.00 

0.0003494 

36.10 

0.0001905 

80.00 

0.0000494 

40.10 

0.0001943 

90.00 

0.0000494 

44.10 

0.0001990 

99.98 

0.0000494 

48.10 

0.0002007 

1 09.98 

0.0000494 

52.10 

0.0002044 

119.98 

0.0000494 

56.10 

0.0002079 

129.98 

0.0003494 

60.10 

0.0002106 

139.97 

0.0000494 

62.10 

0.000211 4 

1 59.97 

0.0000494 



180.03 

0.0003494 



186.30 

0.0000494 


57 


TEST A - 1 5 


1 1 00 

alum mum 

231 

DEG. 

C ELCIUS 

12. 1 

MPA 

( 1 750 PS I ) 


CREEP 


RECOVERT 


TIME (MIN) 

STRAI N 

TIME (MIN) 

STRAIN 

0 . 

0.0002021 

0 . 

0.00U3377 

0.03 

0.0002057 

0.05 

0 .0000 85 6 

0.05 

0.0002062 

0. 10 

0.0000843 

0.07 

0.0002063 

1.10 

0.0000333 

1.00 

0.0002122 

2.10 

0.0000802 

2.00 

0.0002126 

3.10 

0.0000735 

3.00 

0.00021 46 

4.10 

0.0000773 

A .00 

0.0002162 

6.10 

0.0000756 

5.00 

0.00U21 64 

3.10 

0.0000743 

6.00 

0.0002164 

10.10 

0.0000736 

8.00 

0.0002184 

14. 10 

0.0000 731 

1 0.00 

0.0002193 

20.10 

0.000U730 

1 2.00 

0.0002199 

2 5.00 

0.0000730 

16.00 

0.0002199 

30.00. 

0.000071 5 

20.00 

0.000221 7 

40.00 

0.000071 3 

24.00 

0.0002226 

50.00 

0.0000710 

28.00 

0.0002248 

60.00 

0.0000710 

32.00 

0.0002318 

70.00 

0,0000684 

36.00 

0.0002355 

80.00 

0.0000676 

40.00 

0.0002370 

90.00 

Q . 0000 66 1 

44.00 

0.0002400 

100.00 

0.0000654 

48.00 

0.0002436 

110.00 

0.0000654 

52.00 

0.0002462 

120.00 

0.0000654 

56.00 

0.0002496 

130.00 

0.0000654 

60.00 

0.0002543 

1 50.00 

0.0000654 

64.00 

0.0002579 

160.00 

0.0000654 



1 70.00 

0.0000654 



180.00 

0.0000654 


TEST A- 1 6 



1100 

ALUMINUM 



231 

DEG. CELCIUS 



14.5 

MPA <2100 PSI ) 


CREEP 


RE COVERY 


TIME (MIN) 

STRAIN 

TIME (MIN) 

STRAIN 

0. 

0.0001627 

0. 

0.0002478 

0.05 

0.0001694 

0.02 

0.0002426 

1.00 

0.0002002 

0.05 

0.0002420 

2.00 

0.0002206 

0. 10 

0.0002417 

3.00 

0.0002327 

1.10 

0.0002404 

4.00 

0.000241 6 

2.10 

0.0002392 

5.00 

0. 000 2502 

3. 10 

0.0002385 

6.00 

0,0002573 

4.10 

0.0002381 

8.00 

0.0002727 

5.10 

0.0UQ2380 

1 0.00 

0.0002843 

6.10 

0.0002330 

1 2.00 

0.0002928 

10.00 

0.0002380 

14.00 

0.0003005 

14.00 

0.0002380 

1 6.00 

0.0003076 

18.00 

0.0002377 

18.00 

0.00031 73 

~20 .00> 

0.0002 377 

20.00 

0.000323 5 

30.00 

0.0002377 

22.00 

0.0003303 

40.00 

0.0002377 

24.00 

0.0003392 

50.00 

0.0002377 

26.00 

0.0003475 

60. UO 

0.0002377 

28.00 

0.0003538 

70.00 

0.0002377 

30.00 

0.0003578 

80.00 

0.0002377 

34.00 

0.0003700 

90.00 

Q.00U2377 

38.00 

0.000381 9 

1 00.00 

0.0002377 

42.00 

0.0003859 

1 1 0.00 

0.0002377 

46.00 

0.0003936 

1 20.00 

0.0002377 

50.00 

0.0004022 

1 30.00 

0.0002377 

54.00 

0.00041 1 1 

140.00 

0.0002 377 

58.00 

0.0004147 

160.00 

0.0002377 

62.00 

0.00041 77 

18C.00 

0.0002 377 



200.00 

0.0002377 


59 


TEST 1-1 
ARMCO IRON 
ROOM TEMPERATURE 
110,3 MPA < 1 6# 000 PSI) 


CREEP RECOVERY 


TIME (MIN) 

STRAI N 

TIME (MIN) 

S TRA IN 

0 . 

0.0016980 

0 . 

0.0002543 

0.05 

0.001 7450 

5.00 

0.0002548 

0.10 

0.001 7720 

10.00 

0.0002548 

0.15 

0.001 7910 

15.00 

0.0002548 

0.65 

0.001 8490 

20.00 

0.0002548 

1.15 

0.001 8750 

30.00 

0.0002 548 

2.15 

0.001 9000 



3.15 

0.001 9190 



4.10 

0.001 9220 



5.10 

0.001 9300 



6J0 

0.001 9370 



7.10 

0.001 9420 



8.10 

0.001 9470 



9.10 

0.001 9510 

• 


1 0.10 

0.001 9550 



1 1.10 

0.001 96^0 



1 2.10 

0.001 9650 



1 3.10 

0.001 9670 



1 4.10 

0.001 9670 



1 5.10 

0.001 9690 



16.10 

0.001 9720 



1 7.10 

0.001 9720 



1 a. 00 

0.001 9740 



20.00 

0.0019800 



21.00 

0.001 9800 



22.00 

0.001 9820 



23.00 

0.001 9830 
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TEST 1-2 
ARM CO IRON 



318 DEG. 

CELCIUS 



48.3 MPA 

<7000 PSI) 


CREEP 


RECOVERY 


TIME (MIN) 

STRAIN 

TIME < M IN) 

STRA IN 

0 . 

0.0003730 

0 . 

0.0002460 

0.50 

0.0003000 

1.00 

0.0002390 

1 .00 

0.000381 0 

2.00 

0.0002340 

2.00 

0.0003850 

4.00 

0.0002340 

3.00 

0.0003860 

6.00 

0.0002290 

4.00 

0.0003860 

8.00 

0.0002230 

5.00 

0.0003870 

10^00 

0.0002230 

6.00 

0.0003370 

18.00 

0. 0002 230 

3.00 

0.0003930 

22.00 

0.0002200 

1 0.00 

0.0003930 

26.00 

0.0002190 

1 2.00 

0.0003960 

30.00 

0.0002180 

1 4.00 

0.0003960 

38.00 

0.0002180 

1 6.00 

0.0003970 

46.00 

0.0002170 

18.00 

0.0003980 

50.00 

0.0002170 

20.00 

0.0003930 

5 8.00 

0.0002150 

24.00 

0.0004000 

64.00 

0.0002140 

28.00 

0.0004040 

80.00 

0.0002140 

32.00 

0.0004050 

100.00 

0.0002140 

36.00 

0.0004060 

1 20.00 

0.0002140 

40.00 

0.0004080 

140.00 

0.0002130 

44.00 

0.0004090 

160.00 

0.0002140 

46.00 

0.00041 30 

180.00 

0.0002140 

48.00 

0.00041 70 



50.00 

0.000421 0 



52.00 

0.0004250 



5 3.00 

0.0004250 

■ 
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TEST 

I -3 

• 

ARM CO 

IRON 


ROOM 

TEMPERATURE 


53.3 

MPA (7300 PSD 



CREEP 


RECOVERY 


TIME (MIN) 

STRAI N 

T I Ml (MIN) 

STRAIN 

0 . 

0,0002760 

0 . 

0.0000105 

0.05 

0.000231 0 

0.02 

0.0000050 

1 .05 

0.0002820 

0.05 

0.0000030 

2.05 

0.0002820 

0.10 

0.0000018 

3.05 

0.0002830 

1.00 

0 . 

7.05 

0.0002840 

2.00 

0 . 

1 1 .00 

0.0002850 

4.00 

0 . 

1 5.00 

0.0002850 

6.00 

0 . 

19.00 

0.0002850 

8.00 

0 . 

2 3.00 

0.0002350 

1 0.00 

0 . 

27.00 

0,0002850 

15.00 

0 . 

31.00 

0.0002850 

20.00 

0 . 

35.00 

0.0002850 

25.00 

0 . 

39.00 

0.0002350 

30.00 

0 . 

A 3.00 

0.0002350 

35.00 

0 . 

47.00 

0.0002850 

40.00 

0 . 

51.00 

0.0002860 



55.00 

0.0002860 



59.00 

0.0002360 



63.00 

0.0002860 




62 


TEST 

I - A 

A RMCO 

I RON 

ROOM 

TEMPER A T JRE 

53.3 

MPA (7000 PSD 


CREEP 


RECOVERY 


TIME ( MIN) 

STRA IN 

t r*. 
M 
W 
LU 

h** 

S TRA IN 

C. 

0.0004990 

0. 

0.0003430 

C. 05 

0.0005150 

0.05 

0.0003470 

C. TO 

0.0C0524O 

0.10 

0.00034 60 

C. 20 

0. 00 0531 0 

1.10 

0 .0003460 

C. 70 

0.0005480 

2.10 

C.0C034 50 

1.20 

0.0005570 

3.10 

0.0003450 

2.20 

0.0CC5660 

5. CO 

0.00034 50 

A. 20 

0.0005760 

1 0.00 

0.00034 50 

6.20 

0.0005830 

15.00 

0.00034 50 

8. 20 

0.0005900 

20.00 

0.00034 50 

1 C. 20 

0. CO 05920 

25. CO 

0.00034 50 

1 2. 20 

0.0005960 

50,00 

0.0003450 

1 6.20 

0.000601 0 

40.00 

0.0C034 50 

2 C « 20 

n.0C06060 

50.00 

0.0003450 

22.20 

0 .0006080 

60.00 

0.0C034 50 

2 A. 20 

Q.OC06100 

70.00 

C.0GC34 50 

26.20 

0.00061 1 0 

72.00 

0.00034 50 

28. 20 

0.0006130 



3C.2Q 

n, 00061 AO 



3 A. 20. 

0.CCG6220 



38.20 

0 .0006300 



A 2. 20 

0.0006350 



A6.2G 

0.0006390 



5C.OO 

0.0006420 



5 A .00 

0.0006450 



58.25 

0.00064 80 





TEST 1-5 
ARMCO IRON 


318 

DEG. 

CELCIUS 

36.2 

MPA 

( 5250 PSD 


CREEP 


RECOVERY 


TIME CM IN) 

STRAIN 

TIME (MIN) 

STRA IN 

0. 

0.000561 0 

0. 

0.0004760 

C. 05 

0.0005680 

0. 10 

0.0004 750 

1.00 

0. 0005280 

1.10 

0.0004720 

2.00 

0.0005830 

2.10 

0.000471 0 

3.00 

0.0005920 

3.10 

0.0004690 

4.0 0 

0.0005330 

4.10 

0.0004690 

5.00 

0.0005900 

5. 10 

0.0004690 

6.00 

0.0005940 

6.10 

0.0004670 

8.00 

0.000601 0 

8.10 

0.0004620 

1 0.00 

0.0006050 

10.10 

0.0004610 

1 2.00 

0.0006100 

14.10 

0.0004610 

1 4.00 

0.000611 0 

18.10 

0.0004610 

16.00 

0.0006120 

22.00 

0.0004610 

18.00 

0.00061 30 

26.00 

0.0004610 

20.00 

0.00061 30 

30.00 

0.0004610 

24.00 

0.0006130 

34.00 

0.000461 0 

28.00 

0.00061 30 

40.00 

0.0004600 

32.00 

0.00061 40 

50.00 

0.0004600 

36.00 

0.0006140 

60.00 

0.0004600 ■ 

40.00 

0.00061 40 



44.00 

0.0006140 



48.00 

0.00061 50 



52.00 

0.00061 50 



56.00 

0.00061 50 



62.00 

0.0006150 





Table 2. Parameters for 


Temperature 

(°C> 

Stress 

(MPa) 

(min) 

Room Temp. 

13.9 

20 

Room Temp. 

17.4 

30 

Room Temp. 

20.7 

30 

Room Temp. 

22.4 

42.1 

185 

II. 0 

43.45 

185 

13-8 

40.0 

185 

16.5 

60.0 

231 

9.3 

84.5 

231 

12.1 

62.1 

231 

21 .4 

62.0 


Titanium 


Room Temp. 

227 

30.65 

Room Temp. 

248 

30.0 

Room Temp. 

262 

31 .0 

306 

68.9 

52.0 

306 

82.7 

54.0 

306 

no 

52.0 

422 

44.1 

64.0 

422 

55.2 

68.0 

422 

66.2 

58.0 


ally Pure Aluminum and Titanium 


e o 

(10-3) 

do" 3 ) 

n 

(.0-3) 

a 

0 

C end 

(10-3) 

0.160 

0.0358 

0.0265 

0.0563 

2.3119 

0.0068 

0.2793 

0.0140 

0.0560 

0.0096 

1000.0 

0.0288 

0.2938 

0.0183 

0.1409 

0.0192 

0.0122 

0.0822 

0.4103 

0.0283 

0.1198 

0.0123 

0.4565 

0.2626 

0.1882 

0.0145 

0.4855 

0.0453 

4.6647 

0.0601 

0.2393 

0.1000 

0.1174 

0.0216 

13.7472 

0.1117 

0.3406 

0.0539 

0.3095 

0.0383 

3.2441 

0.2216 

0.1327 

0.0695 

0.4955 

0.2730 

12.8642 

0.2665 

0.1245 

0.0100 

0.5253 

0.0071 

0.7263 

0.0467 

0.1501 

0.0533 

0,3968 

0.0064 

52.1268 

0.2374 


2.097 

0.0844 

0.2801 

0.0058 

10.8964 

0.0422 

2.8158 

0. 1464 

0.3788 

0.0291 

0.8616 

0.9506 

3.0184 

0.0389 

0.6299 

0.0191 

1 .5903 

0.0333 

0.7117 

0.1000 

0.0888 

0.0911 

10.8668 

0.0604 
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0.1598 
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0.0410 
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0.0708 
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0.1443 
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0.8814 
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0.6734 

0.0459 

0.3471 

0.1565 

0.2417 

0.0134 

0.9743 

0.1257 

0.3059 

0.2622 

0.8913 

0.2598 



Table 3* Parameters for Commercially Pure Aluminum and Titanium 


o> 


Aluminum 


Titanium 


Temperature 

(°c> 

Stress 

(MPa) 

A(°) 

(10-8) 

0 0 

CO 

9 o 

9 1 

9 2 

Room Temp. 

13.9 

7.9208 

2.6316 

1 .0 

0.6885 

1 .0 

Room Temp. 

17.4 



1.3963 

1 .7702 

0.1755 

Room Temp. 

20.7 



1 .2365 

1 .5459 

0.0807 

Room Temp. 

22.4 



1.5939 

3.5987 

0.0836 

185 

n.o 

11.7617 

0.9590 

1 .0 

1.9992 

1.0 

105 

13-8 



1.0175 

7.1311 

0.9946 

185 

16.5 



1 .2068 

4.9987 

0.6749 

231 

9.3 

9. 8316 

7.9576 

1.0 

2.2956 

1 .0 

231 

12.1 



0.7234 

12.2692 

0.005 

231 

21 .4 



0.4926 

43.1463 

0.0241 


Room Temp. 

227 

6,3557 

0.0132 

1 .0 

37.7955 

1 .0 

Room Temp. 

248 



1.2307 

18.2368 

1.5958 

Room Temp, 

262 



1 .2498 

17.7530 

0.5851 

306 

68.9 

7.1174 

0.7929 

1 .0 

1 .5588 

1.0 

306 

82.7 



0.97 

6.3650 

0.5062 

306 

no 



1.1325 

6.2926 

2.2731 

422 

44.1 

6.6642 

0.8698 

1 .0 

1 .9399 

1.0 

422 

55.2 



1.2630 

1 .2678 

0.3176 

422 

66.2 



1.5229 

1 .6602 

0.8755 


2024-T4 Aluminum Alloy 


The aluminum alloy was tested at stress levels In the range 0.5 to 
0.7 of the yield stress and at temperatures between 255 C and 275°C. The 
ranges of stress and temperature are shown schematically In Figure 7* 

The raw strain-time data for creep and relaxation are given on pages 70 
through 93- It should be noted that these data (as well as the data for 
the titanium alloy) are preceded by an Index to the Individual tests, 
along with an explanation of the computer tabulations and plots of the 
data. 

When subjected to analysis, this material exhibited reproducible 
results that were reasonably predictable from the constitutive equation. 
Table 4 shows the computer generated constants for particular conditions 
of temperature, stress, and time that would be necessary to establish the 
basic creep and recovery equations. Table 5 shows the Internal param- 
eters calculated for each of the above test conditions. Graphs of ail 
the parameters as functions of stress and temperature are given in Fig- 
ures 8 through 10. The curves demonstrate that in the 2024 aluminum 
alloy, the parameters van' in a reasonably regular way in the stress and 
temperature ranges studied. 


Index of Strain* 

•Time Data 

for 2024-T4 Aluminum Alloy 

Temp 

Stress 



C°c) 

(MPa) 

fccry 

Page 

225 

103 

0.5 

70 

225 

124 

0.6 

72 

225 

139 

0.65 

74 

225 

144 

0.7 

76 

250 

91 

0.5 

78 

250 

109 

0.6 

80 

250 

118 

0.65 

82 

250 

127 

0.7 

84 

275 

71 

0.5 

86 

275 

85 

0.6 

88 

275 

92 

0.65 

90 

275 

100 

0.7 

92 

Each test is represented by a 

page of 

tabulated data and a page 

with the data plotted. 

In the tabulations 

, the upper set represents 

creep and the lower set 

relaxation 

. Time 

values are In minutes, and all 


-3 

strains (predicted, observed, residual) should be multiplied by 10 


67 



The column listing "predicted strain" represents those values predicted 
by a constitutive equation with parameters based upon the raw data Input. 
The fit of this equation to the Input data is shown by the columns "re- 
sidual" and "standard deviation of predicted value. 1 

In the plots, the values of strain and time are shown vertically 
and horizontally respectively. In the lower portion of the printout. 

The same format of data presentation applies to the titanium alloy 
which Is discussed in the next section. 
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T1-6A1-4V Titanium Alloy 

Among the materials examined In this project, T1-6A1-4V titanium 
alloy behaved In the most consistent and predictable manner with respect 
to the constitutive equations that were developed. As a result, more 
tests were conducted on this alloy than any of the others. The ranges 
of stress and temperature for these tests are shown schematically In 
Figure 11; strain-time data for all the tests are given on pages 101 
through 148. Table 6 shows the results cf data analysis In terms of the 
resultant constitutive equation parameters for each test condition. 
Graphs of the Influence of stress and temperature on each parameter are 
given In Figures 12 through 19* The trends are uniform in every case, 
although some scatter Is noted. 

Index of Strain-Time Data for TI-6A1-4V Titanium Alloy 
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Figure 11. Stress and temperature ranges for creep testing 
of TI-6A1-4V titanium alloy. 
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Figure 13. Variation of g n with temperature (constant stress) 
In TI-6A1 -4V. 
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influence of Stress Duration 


In the testing of a particular alloy, the duration of stress, t , 

a 

was maintained at a constant value. This was done because It Is known 
that some of the parameters In the TC theory are time-dependent. To 
more completely analyze this dependence, three tests on three different 
titanium alloy specimens were conducted at 500°C and O.A o^. The values 
of t were 19, 39. and 59 minutes. Analyses determined that a value of 

Q 

n ■ 0.43 was appropriate for each of the data sets. 

This series of tests, and the resultant analyses of the data, In- 
dicated that all of the parameters are Influenced to some extent by t . 
This Is shown in Table 7 . The parameter C j, for Instance, would be 
expected to Increase because as t Is Increased the component of plastic 

d 

strain should also increase. With regard to the parameters g^, g 2 and 
a^, the reason for the observed changes Is less obvious, but Is clear’y 
a reflection of changes In the structure of the material. For example, 
the parameter gj Is equal to [ e ( t fl ) - EqJ/Cq# but the ratio should be 
maintained relatively constant as [ c ( t fl ) - Eg] Increases. Apparently 
this quantity Increases faster than does Cg of the recovery component. 

The reason for this observation is not clear at present. 

The fact that the g 1 as well as the other parameters are time-de- 
pendent points out that care should be taken In the experimental design 
to maintain t fl at a reasonably constant value, unless of course It Is 
the variable to be studied. 

Influence of Initial Estimates 

The computer-generated values of the parameters In the constitutive 
equation were thought to be sensitive to Initial estimates of some of the 
experimental values, such as e-. To examine these effects, a particular 
data set was selected for analysis. Three separate computer runs were 
made Involving three different sets of Initial estimates. Table 8 gives 
these values along with the resulting computer-generated final values. 
Some small variations of the final values among the three runs are ob- 
served. Accordingly, the selection of Initial values of the parameters 
does not have a great effect on their final values. 
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Table 7. Influence of on Parameters 

a 


Test 1 2 


Temperature (C°) 

500 

500 

500 

Stress (psl) 

26,800 

26,800 

26,800 

t a (mtn) 

19.25 

39.18 

59.23 

e Q (10-3) 

2.352944 

2.467316 

2.386228 

E (t,) (10-3) 

3.5601 

4.102876 

4.659707 

C' (10"3) 

0.338422 

0.337791 

0.393095 

n 

0.43 

0.43 

0.43 

C6 (10“3) 

0.889725 

1.102441 

1.347886 

ENT' (a a ) 

1.287772 

0.944529 

0.717522 

'end < l0 ' 3 > 

0.526598 

0.632071 

0 . 91001 l 

90 

1.1314 

1.1864 

1 .1474 

91 

1.357 

1.484 

1 .687 

92 

0 . 8266 

0.6603 

0.6006 
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Table 8. Influence of Initial 


Test I 

Initial Final Initial 

Estamente Value Estamente 

e 0 2.47 (10 -3 ) 2.465251 (lo‘ 3 ) 3-97 (lo“ 3 ) 

C' 0.34 (10 -3 ) 0.34 (10 -i ) 0.90 (10“ 3 ) 

n 0.43 0.428420 0.90 

n 0.428420 0.428420 0.474614 

C Q 0.93 (10" 3 ) 1.102945 ( 10~ 3 ) 0.93 ( 10" 3 ) 

ENT (a ) 1.0 0.938445 1.0 

a 

C . 0.80 (10" 3 ) 0.632531 (10~ 3 ) 0.80 (10" 3 ) 

end 


on Parameters 


1 

Final 

Value 

Initial 

Estamente 

3 

Final 

Value 

2.556851 

do' 3 ) 

1.97 (10" 3 ) 

2.482009 ( 10 " 3 ) 

0.272490 

do" 3 ) 

o.io do" 3 ) 

0.327344 do" 3 ) 

0.474614 


0.10 

0.436211 

0.474614 


0.436211 

0.436211 

1 .093897 

do' 3 ) 

0.93 do" 3 ) 

1.1006 (10“ 3 ) 

1.133732 


1.0 

0.968818 

0.617134 

do' 3 ) 

0.80 do -3 ) 

0.630217 do" 3 ) 
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Using the TC theory as a starting point, a generalized constitutive 
equation that Is descriptive of primary creep and relaxation behavior tn 
the titanium alloy Ti-6A1-4V has been developed. In addition, analytical 
methods have been worked out which enable the use of strain-time data as 
imput for the evaluation the parameters in a TC-based constitutive equa- 
tion. A further useful result is the "catalogue" of curve forms derived 
from the parametric study. This allows a quick reference to the Influ- 
ence of a particular parameter on the shape of a creep or relaxation 
curve, regardless of the material. These curves demonstrate that each 
parameter has a unique Influence. 

In the solution of the constitutive equation from data Input, one 
difficulty encountered was fixing the optimum value of the exponent n 
for the creep and recovery equations. This may Indicate that n Is a 
function of stress, or perhaps Is strongly influenced by subtle changes 
In microstructure. This particular example illustrates an aspect that 
is deserving of further study, which is the Influence of microstructure 
on the parameters of any constitutive equation developed to describe 
strain-time behavior. Time restrictions prevented any significant ex- 
ploration of this Interesting area, although the subject was addressed 
In a preliminary way in an earlier study [6]. Obviously, however, al- 
teration of the microstructure through deformation and/or thermal effects 
must be considered an important component of the whole problem of creep 
behavior and prediction. 

The experimental results demonstrate that the parameters of the 
generalized constitutive equation are all temperature dependent, the ex- 
tent depending on the individual parameter. To simplify this complex 
Influence of temperature, a possible method might be based upon an ear- 
lier approach by Horn [9], where the creep rate Is expressed as: 


- 1,2 s (v, 


T, S) 


Oj(T, 


S) exp [ 


-ah(t . 

RT 


1 ) 
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(53) 


where 2 Is a structural parameter, S is entropy and R is the gas 
constant. AH, the activation energy for creep, is assumed to be 
independent of a and c and If entropy is constant 

i - f(v, T, S)e‘ 4H/ * T (54) 


or 

* m J tdf / f(v, T, s)e' AH/RT dt (55) 


since AH is not a function of time 

* . e *AH /RT J f(v> T ' s) dt # (56) 

This Indicates that strain is a direct function of e | n the 

TC theory this would have Sts effect on the temperature dependent 
linear creep compliance, Cj . Thus the creep and recovery equations 
could be modified as 


£ " «0 C 0 °0 * G l 9 2 C A ( f‘ > 


°o e 


-AH/RT 


(57) 




e 

r 


Ac 


-1 .* iH/RT [(l * .4)" - (. V] 


(S8) 


i 

* 


This approach Is probably an oversimplification in that temperature In- 
fluences do not appear directly In the basic parameters. In some cases, 
however. It may be a valid approximation. 

A conclusion to be drawn from this work Is that the TC theory is 
applicable to the prediction of primary creep and relaxation behavior In 
metals If tne proper form of the constitutive equation can be found for 
a particular* material. In this regard, a disadvantage of the TC theory 
Is Its general Icy. The present study was restricted to the pcwer-law 
equation form (due to reasons mentioned earlier) with good results t but the 
constitutive equation needed to be modified with the C end term to more 
accurately account for plastic deformation. Had time allowed, other 
modifications to the power-law form may have resulted In constitutive 
equations that would have been descriptive of events In the other mate- 
rials studied. 
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The generality of the TC theory fs such that forms other than the 
power law could have been explored. For Instance, Incorporating the ex- 
ponentfal law, equation (2), Into the TC theory, 

c ■ e 0 ♦ Co 0 (l - e" rt ) (59) 

assuming e t Is a direct function of stress. Using this the TC equation 
for creep would be 

c * 9 0 C 0°0 + 9 1 fl 2 C(1 * e ~ r ° )o 0 (* 6 ) 

and the equation for recovery would be 

c - g 2 Co.[(l - e' r(t » /a o * t-t a)) - (1 - e* r( V l J)] 
raw | 

or 

* p - g,Co e' rt «[e X - e (,/a ° * X) ] (61) 

1 

Accordingly, the exploration of other equation forms, using the TC theory 
as a basis, may well have shown the theory to be more broadly applicable 
than was demonstrated In this work. 

The apparent disadvantage in trying to use the TC theory as the 
basis of a predictive method Is that large amounts of data are required 
In order to determine how the parameters will vary as conditions of stress, 
temperature, and loading time are altered. This is a result of the pre- 
viously noted generality of the TC theory. In this particular aspect, 
therefore, the TC theory suffers the same shortcoming as other methods 
used to predict deformation behavior, t.e., a large data base Is a re- 
quired starting point. 

The important large-scale accomplishment of this project Is the de- 
monstrated applicability of the TC theory to describing creep and relax- 
ation behavior In metal systems. Modifications were required, as expected, 
even before significant amounts of data became available because the 
theory was originally developed for nonmetal lie materials. The fact that' 
good results v>ere obtained In an alloy as complex as TI-6A1-4V Is encour- 
aging. This result alone would Justify further work. 
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EPILOGUE 


An aspect of fundamental Importance related to the work presented 
In this report Is the educational benefit derived by the several students 
Involved. The grant provided support for two Master of Science students 
and one Master of Engineering student at the University of Kansas. This 
final report Is a synthesis of the work of these graduate students. In 
addition, an undergraduate was a part of the project as a laboratory as* 
slstant. Accordingly, NSG1269 from NASA/LRC has contributed In a very 
significant way to the professional development of these students, who 
all have the potential of making significant contributions to the engi- 
neering profession. 
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append: x a 

Parametric Analysis 


Program and Results 

The parametric analysis, or PLOT, program was written to plot the 
results of the thermodynamic constitutive theory on the plotter maintained 
by the University of Kansas Computation Center (UKCC). This program 
was used to graph the results of the parametric analysis which are 
located at the end of this appendix. The program has also been used 
to plot the results of the analysis of test data. 

The program calculates the incremental step results from the 
theory and uses plot routines maintained by the UKCC to write on a 
computer tape available to the user. This tape is then taken by the user 
and mounted on the Benson-Lehner incremental plotter which generates the 
graphs . 

Deck Set Up 

The deck set up for this program is shown in Figure Al. 

The $ IDENT card must contain a valid project identifier, this 
project ID must also be approved for use of the plotter. Note that the 
cost of making one graph similar to those in this appendix is about 
$2.50. 

The first $ LIMITS card is required to provide extra memory to 
compile the mainline program. 

The $ INCODE card designates that the old IBM 026 keypunch was 
used to write the program. Only an IBM 026 should be used when modifying 
this program. 

The $ SELECT card is used to access the plot programs maintained by 
the UKCC. 

The $ TAP E7 card indicates what tape is to be used by the program. 

The tape If and tape name are the identifiers for the tape assigned by 
the computer center. The user of this program must have a tape available 
to the UKCC in order to run this program. For more Information on 
tapes see reference [loj. 
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6 

$ I DENT Project ID number 

$ OPTION FORTRAN 

$ FORTRAN NDECK 

$ LIMITS ,29K 

$ INCODE I BMF 

main line program 
subroutine DATA 
$ EXECUTE 

$ LIMITS 05, 17K.J600 

$ SELECT S/STARL 

$ TAPE? 08,X3DD, .tape tape name,DEN5 
$ INCOOE I BMF (or IBMEL if 029 used) 

data cards 

blank card at end of data 
$ ENDJOB 

***E0F 


Figure A1 . ‘ Deck set up for PLOT program 
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The mainline of the PLOT program is shown in Figure A2. Figure A3 
Is the DATA subroutine and Figure A4 is the data deck. Figures EXP-1 , 
EXP-2, EXP-3, B-l, B-2, B-3, P-1, P-2, and P-3 at the end of this 
appendix are the results of this particular program. 

A minimum of four data cards are required for each plot. The first 
10 spaces in the first card contain the time of the creep curve, the 
second ten spaces contain the total time (creep + recovery) and the 
third ten spaces the increment of time to be used in the calculations. 

The total time divided by the increment of time must be less than 200. 

The first 36 spaces of the second data card contain the heading 
for the output. The first six spaces of this card will also be drawn 
In the upper right corner of the plot. 

The third data card contains, in order, CO, Cl, g , g. , g_, 

o i i 

ENT (or a ), and EX(or n) using a 7F10.5 format (ten spaces for each 
0 

variable). The fourth data card contains, in order, STRS (the stress), 

B, P, and NLINE using a FI0.5, E9-3, F 1 0 . 5 . I** format. CO and Cl 
are the elastic and linear creep compliances x 10^. B and P are user 
definable variables that are transferred to the subroutine DATA and can 
be used if special functions of other variables are tc be plotted, 
for example see calculation of ENT in subroutine DATA. NLINE is the 
Interger number of lines to be plotted on that plot. 

The mainline program as indicated in Figure A2is written to plot 
the equation 

STRN - CO * GO * STRS + Cl * Gl * G2 *(T/ENT)**EX * STRS 
and 

STRN - G2*C1*STRS*( T/ENT )**EX *{ ( 1+ENT*TR) **|X - 
(ENT*TR)**EX ) 

If these equations are to be used it should not be necessary to alter 
the mainline program. 

Subroutine DATA is called from the mainline before the values of each 
line are calculated. It is used to change the initial data values read in 
on data cards 3 and ** so as to plot a new line. It is intended that the 
user will write a small FORTRAN program that will increment a particular 
parameter value in the data for each curve. This subroutine can also be 
used to read in completely new values from additional data cards. 
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CREEP ANALYSIS PROJECI ROSS HOLJLf 

-- FORMULAS USER BASED ON I HERNUDYN AN I C CON SI U1 1 RE IMtONY - 

STAN>SIRA|N, I ( I 1 * INC HENENIAL TINE, N*NUHH E R Of INCREMENTS Of 
CHEEP CAICUIAI IONS, NR«NUHU£R Of INCREMFNIS Of RECOVERY CAlCULAII 
PCRaPCfclOD-LENGIH Of INCREMEN1S Of IINE, SIRS*SIR£SS, CO, Cl, GO, 

61,62, ■consianis, cnt-einropy-landa, ii, exponent of calculaiion — 
u*consiani for iniropv CALCULAIION, U*E«PONENI Of ENIROPY calc. 

fIRSI INPU1 0 AIA CARD SHUUL 0 RE FOR l|NE AXISIN-FORN Of 

IINE 10 RECOVERY IN HOURS, IOIAL IINE Of ICSI, AND IHCREHEkl Of 
IINE. NEXt DAI A CARP CONIAINS IIILE OF 6RAPM, I ME fIRSI SIR 
L E I HRS WILL UE REPRODUCER ON I HE PLOI. I HE NE X 1 I JO CAROS 
CONIAIN IHE VALUES Of IHE VARIAbLES - - 


DIMENSION SIHNC 10,205} , II 20 S) , I N( 205) 

RIPENS ’ON XPNII20) 

CHARACIER N AN E • 56 

•AIA ll1i,IERII,IIAPE,lER0,N0ff 20.0,0,0,0. 0,-1 / 

•AIA XNIN,VMIN/0.0,0.02 


20 — • A I A - I CNI,IB, Y», SIR , NUP / 1,1 0.,7. 1 ,2 , 12— — — - ■ — — — 

21 »AI A NUP, NON, NC H, H, 1 HE I A, NS 1 1, NONE ,H121,2,0,0.2,0.0,6,I,0.1S2 

22 CALL PLINFY<IEX1I,I1APE» 

25 DO 78 NPlOT-1,20 

2A ' • 17 YNAXaO .0 - - - - - 

25 C 

26 ( S E I - UP- IINE -ANNA » S 

27 C 

28 — - REAMS, 1),EM0«76>1R, IT, PER - - 

29 1 1 fORHAKlf 10.SI 

50 - If (PER. LI. 0.00001) 60 10 76 

II N«IH7PER*2 

52 N*«II/PER*S 

55 If (NR.LT. 20S) 60 TO 71 

54 HRI It ( 6,72 > - - - • ■ -• 

55 72 f ORNA I(*1*, ‘ERROR*, /,*II/PEN IS GREATER 1 NAN 20S*> 

56 GO 10 76 - 

17 71 DO 4 | *2, N 

58 4- 1 1 1 >*PER* 1 1-2) 

59 DO S l*N*1,NR 

40 ni irw xihi - — 

41 S INII)a( TEIt-l iNllfTIN) 

45 C SEI UP HEAR1NCS f OR PAPER 0U1PUI 

44 C •••IINE 10 RECOVERY 

C 11a IINE TO END Of 1ES1 

46 - C PER • PERIOD, THE LEN6TH Of EACH INCREMENT Of TINE 

47 C 1 1 2 PER SI10UL0 BE LESS THAN 200. 

49 * REAMS, 55) NAME 

50 5 5 f OANAI <AJ6» 

51 UR IIC 16,54) N A n F 

52 54 fORHATt'1*, 5*1, ‘PLOT NUNU CR *, 7, 26X , A 56 > 


ON - — 


IS — 

IS 

14 


14 

15 
1 5 

12 

12 


12 


12 

If 


1 1 
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11 

II 

in 
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01 



Figure A2 


Mainline of PLOT program 
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MR I li ( 6*32 I MNR>*I (N)*PCA 9 

32 OOAHA) ( 1H#S//*1 H#' I IME UASf •# t ,1 «* • lot Ai IIHfMt.l*' MRS*, /IK, • 

1 * RECOVERY tlM6.l.' HRS* # / #1 H * * IMCALHENI Of I|ME*#06.J#' HR S* # // # A 

2*3/1# * INPUT VRA I AML E S* # // I 4 

URI IE < 6*3S) A 

SS f 0RNA1 (2I**L|HE STRESS - CO Cl - 40 61 * / 

1*62 EH B P £NT'/1H#'NUN<ICH IPSl>*#//i 

C READ IM RATA 7 

6/ RCA9C S»10#CND-t6) C 0# C 1 *G0#6l #G2# f NT* E X *S I R S* B*P* Nl I N£ 6 

TO f ORHAM/O 10. 3*7010. 4*i 9.3*010.4*141 6 

IMSIRS.LT. 0.01)40 TO 76 

CO-CO- .000001 : S 

C1-C1-. 000001 s 

60 IS Nun li *1 , ML I NC - — 3 

NPLOT A*NPL0I S 

LINE-NUHu ------ 4 

CALL DAIACCO.CI *00*01 •02#CNT#EH#STRS#NPL0TA#LINE#O#PI 

C CALCULATIONS 4 

C A 

SINN(NUH8*t >-0.0 3 

• 0 6 l-2*N 3 

6 STRN1NUHU* I >*C0*O0*STRS *C 1*61 *62* t 1 1( I WENT >*»CR) »SIMS 3 

7 S TRNCNMMO* I )*62*Ct • ST AS -tl<N>/lNl)--EH-M1«ENT- INCUT •• E •- 2 

1 (ONI* TH( I ) >**f H I - -f 

10 (ON AH. L I. SI RN(NUMM*H> >T HA X-S I RM< NUN0*N> I 

IM«NAI.LI.STRM(NONU#HA>) TNAH>S IRN<NUHb*NR) - - - — 

IS CONTINUE U 

I Pi 01 ■ NPL 01 U 

C - THIS SECTION CAN BE CHIRAC TEA ANA USEO AS A SUBROUTINE TO 40 


C OENERAIE AH I S ON I HE KU PlOIIER. TO DO SO CHIRAC! ALL CAROS 

C * OOMN THRU *116 CONTINUE'. I HE OOllONINO VALUES SHOULD Hi 

C IRANSOERED OR DEO'NED AT THE HE6INNIN6 01 THE SU0R3UIINE-- 

C XHAH AND VHAX-LANGESI H ANA IT ALUCS 10 dE PLOIIED * 

C ININ ANA «H|N*HINIHUH H ANA V VALUES TO UE PLOTTED 

C HA ANA »A • X ANA V 01 HE NS I ON OO PLOT IN INCHES... ALSO 3A 

C INCLUDE. .DIMENSION HPN I ( 20) 38 

C DAIA NAM*NUP72.3/ — — 38 

C 38 

- ' <6-10.0 

TA-/./S 

icnt-i 

A-XHAX 

106 I0CA.6T. 10.0) GO TO 10/-- * 

•-■A -10. 

60 TO 106 — — 

10/ IMA. LI. 100.0) GO TO 108 

a-a-o.t — ■ • 
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CALL PLOT(ILEH,VH|N, NON, 1161 
PL 0 1 lltHI A1IS 
60 170 1-lfOIVI 
YPNl ■ I YAH S-YNINI* 1/01 * f ♦ f H I St 
CALL PLOI <1LE ET,YPNI,NON. S161 
CALL PI OI(XS1EP/YPNT,NON, S16) 

170 CALL PLOYIIlI f T,YPN1,N6N, *16> 

CALL-PLOMlLEf l#VLEH /NON, *16* 

YSIEP»CYAXIS-YNIN> • I.U1 »f MIN 

CALL PlOI<XHIN,VLCTI,NUP,S16> 

PLOY 1 AP AIIS 

60 171 1 * 1 # 61 VI * 

CALL PLOI llPMl 'l),YLETI,M0N,»t6> 
CALL- PLOMlPNfl I ),VSICP/N6N,»l6>- 

171 CALL PL0r<lPNI(l>,ILEH,N6N,»16> 
— —CALL PLOITXlEE I / TL E f I / N ON / » 1 0 > 

16 ■INAX*X0/KAX|S«XN1N 

— — Y6 -YHAX*YO/VAX|S»VMlN 

CALL PLOI <XN!N,YNIN,NUP,A16> 

— H- 6 — CONIINUE 


; SUMIOOtINi 66 A PH 61 AN S CUNVES ON All$ 6ENE6AYE6 BY AIIS. II 

ALSO INIIIALI/ES INI PL 01 1 E H PEN IOB IHE NEXT PLOI, AflEH 

; IMBEE PLOIS HAVE NlEN NA6E IME PEN MUSI BE BEL0CAIE6 MANUALLY 

ON IHE PLOIIEB (SIOP IHE PLOI SE60ENCE, 6ISENGA6E I HE AUtOPAI 1C 

t S Hi I CH AN6 MANUAL LY-NELOEAIE IME PEN 19 IHE BOIION Of--l.lt PAPEN) 

I 

-INANE NINAX'II .0-H*NSIX/XO>*XN|N *• " 

VNAHE«YMAX>(1 .0-H/Y6I *YMIN 
-X6»X6»1.I - - 

V6>Y0* 1.1 

XMAX-IMAX* 1.1-*XNIN 

VHAX»VNAI*1.1*VNIN 

- CALL INPLOI (ININ, XMAX,YM1N, THAI, XO,YO> 

60 77 LINE«1/NLINE 

CALL PLOI (XNIN/YNIN/NUP/S77I 

60 SSI N1«1,NB 

— EIMEM (NltOXMlN 

SHAN«SIBNUINE/NII*YNIN 
iJS CALL PLOI(IIHE/SIBAN/N6N/S77> 
l IN-LINE 

• IHE-Y (HI >■1.01 *XM|N 

SIX Alla STAN (l INI, MB >*YMIN 

CALL LEIIEN«IIME,'INAN,Hl,IHtlA, NONE/LIN, NLB) 

IIHE«I(N>*1 .C70YNIN 

CALL L El I EH < I IHE ,S1 ANIL INE/NI /Hi , I HEI A,NONE/LIN/NC«> 

77 CONIINUE 

CALL LEIICB(INAm£,TNAHE ,H, IHE IA,NSIX, NAME ,HSII> 

CALL PLOI (XM|N,YMAI,NUP,S77> 

n>M - — — - 

CALL INPL0r<IHIN,IMAI,YN|N,VriAX,l>,Y6) 

CALL PLOT IXNIN/YMAX/NUP/S77> 

7| CONTINUE 

16 CONIINUE 

76 CALL PLOICIEBQ,lEHO»NOTT«S7/> 

77 SIOP 
E -”6 


Figure A2. Cont'd 
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SUBMOUl INC DAIACCO.CI.GO.GI ,62, ENT ,E X , SIR S.NPLO I ,NUMB, J,P> 

TH I S - SUBHOOT 1 NC -IS-USEO -70 -GENE R A I C — IN E-SuCCtSlvE 641* VAN I ABL t- 

f OH EACH PLOT, AFIER 1 HE INITIAL VANIA BLES ANE ■ £ A 0 IN FROM THE 
— MAINLINE PN06NAM. 

SUBROUTINE IS US EO TO A6JUSI IHE INPUT DAI A TOR I HE PLOIIER 

PROGRAM. {0,(1, 60, bt, 62, ANE ( ONSI AN IS , NO I E THAI (0 AND 

Cl ANE MUTL1PLIE0 UY 0.000001 IN THE PROGRAM. ENT IS THE 

EN I ROPY — (ONS 1 AN I IN- 7H t~SC H ApE H V- E OUAF I OK<L AMft A -OH A-M6MA7, 

EX IS IHE EXPONENT, SIRS IS IHE STRESS DURING THE TEST, IIPLOI 

— IS IHE CONSECUTIVE NUMBER Of PLOIS DONE TO THAI POINT - 1,2,3 

ETC, NUMB IS IHE NUMUER 01 LINES ON THE PLOT, AND B AND P ARE 
EXTRA CONSTANTS HHICH MAY BE USED TO INPUT 6AIA TOR FUNCTIONS. 
THE INPUT OAIA 10 RUN I HE PROGNAN SHOULD Ml THE FOLLOWING 

REA0I5, 15, E 06*761 IR,TT,PER 

I J FORMAT I JF 10. SI ------- 

NHERE TR IS THE TINE TO RECOVERY, TT IS THE TOTAL TINE ANO 

PER IS THE INCRENEHI OF TIME USED IN CALCULATION. TT/P£R - 

SHOULD BE LESS THAN 200. 

REARCS, 53>- NAME 

13 FORHATCA56) 

THE FIRST SIX CHARACTERS OF NAME WILL BE REPROOUCED ON THE 

PLOT. THE UHOLE THING UILL U£ GH HIE PAPER OUlPUT. 

17 READ! S,10,ENO*16) CO, C 1 ,6 0,6 1 , 62 ,E N I ,E X ,S IRS ,B , P, NL I NE 

10 FORMAT I7F 1 0 . S, / F 10 . 4 ,£ 9. 3, F I 0 . 4 , I 4 I 

60 TO 11,1,1,2,2,2.3,3,31 ,K 

1 I FHJUMB.CU. 1) EX-0,2 — 

E X*E X , 0. 1 

2 IFINUMB.E0.1I B»0. 1 • 10. •• 18. 

d*B*0 . I • 1 0. •» IB. 

C NT * B*STRS**P 

60 TO 1 3 - - - - - 

3 IHNUMB.EO.il P--S.S 

- P*P ♦. t - — - 

ENI-B* SIRS«*P 

60 16- 13 

4 CONTINUE 

:VEH REFERENCE# - 

5 CONTINUE 

6 CON 1 1 HUE - - ' 

I 3 CONTINUE 

I 1-URI rt I 6/1 2>NUHU,3TRS,CO,C l/GO-,6 1 ,62,EX,U,P -,ENf 

12 FORMAT! 3x,l2,2x,f#.0,2E 11 .3.3(7. 3,F7.4,2£11. 3, F10.S./1 

— RETURN ~ - • - .... - “ ' 

END 


Figure A3. Subroutine DATA for PL 
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EXP- 1 SHORT TIME EXPONENT FUNCTION 





1.6 1.97 

1.0 

1.0 

1.0 

1.0 

•33333 

2500. 0.500E 16 

-5.0 9 





10 20 

0.1 





EXP-2 MEDIUM EXPONENT 

^UNCTION 





1.6 1.97 

1.0 

1.0 

1.0 

1.0 

33333 

2S00. 0.500E 18 

- 5.0 9 





10 20 

0.1 





P-2 VARIATION OF ENTROPY WITH P 





1.6 1.97 

1.0 

1.0 

1.0 

1.0 

33333 

2500. O.SOOt II 

- 5.0 9 





10 110 

0.6 





P-3 VAR ATI ON OF ENTROPY WITH P 





1-6 1.97 

1.0 

1.0 

1.0 

1.0 

33333 

2500. 0.500E 18 

- 5.0 9 






blank card 


Figure A4. * Data deck for PLOT program 
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After the program has finished with a plot, It will start over with 
a new time Information card; If this card Is blank or missing the pro- 
gram will stop. 

Upon completion of a program run, the computer tape for the plotter 
may be obtained from the dispatch counter at the computation center. 
Further Information on use and operational details of the plotter Is con- 
tained In reference [11 j. 

Figure A5 Is a short flow chart of the plot program. The program 
is written such that it solves and plots the equations In increments. 
Figure A6 Is a flow chart for the DATA subroutine. 


Ex .ol ana t iori o f G< aphs 

The graphs are indexed alphabetically starting with 0-1. Using 
3-1 as an example, the horizontal axis is time and the vertical axis 
is sfain. The first set of curves is for creep and the second for 
recovery. The line numbers at the end of each line refer to the line 
number on the following data section. Likewise the B-! refers to the B-l 
in the title of the data section. The title of the data section contains 
the ID number of the plot and an indication of which parameter was 
varied. The time base information for the plot is in the upper left 
corner. The values of the input variables of the equation are indicated 
below that. Notice that B varies for each line as does ENT since it 
is a function of B. The figures In the ve.rtical column are the values 
of the indexs for the vertical axis of the plot. The value* on the 
bottom line are those for the horizontal or time axis of the plot. 

In general, each plot is duplicated three times. The first is 
usually short time with .5 hours for creep and .5 hours for recovery. 

The second plot is for longer time with ten hours for both creep and 
recovery. The third plot represents about ten hours creep and 100 
hours of recovery. 
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FLOW CHART 

FOR MAINLINE PLOT PROGRAM 



From End 
of Program 



Figure A5- 
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Figure A$. Conc'd. 






Find Maximum 
Strain 


Initialize Size 
of Plot 


Based on Desired Size of Plot and Maximum 
Values of Strain Determine Size, 
Coordinates and Grid Spacing of Axis of Plot 


Initialize Plotter to Plot Axis 


Determine Size 
of Jogs on Axis 


Plot Left Axis and Write 
Values for Each Jog 


Plot Bottom Axis 


Write Values of Jogs 
on Bottom Axis 


Plot Right Axis 


Plot Top Axis 


Calculate Size of Plot 
for Curves and Location 
of ID# 



Figure A5. Cont'd. 
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Plot Curve ID # 
at Top of Plot 

1 

Initialise Plotter 
to Relocate 

for New Plot 

~T~ 

Relocate for 
New Plot 

Return to First Do Loop ^ 

at Beginning of Program 


Plot Creep and 
Recovery Curve 
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1 



Plot Curve 1 D f 
at Ends of Curve 




Figure A5. Cont'd. 
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Index of Plots 


B-l, B-2, 8-3 

Variation of six parameters In 
relationship for ENT (see discussion) 

CO-1, CO-2, CO-3 

Variation of D Q parameter for elastic 
compliance in TC theory (equations 3& 
to 37) 

Cl -1 , Cl-2, Cl -3 

Variation of Cj parameter for linear 
creep compliance 

ENT-1, ENT-2, ENT-3 

Variation of ENT( or a ) parameter 

C 

ENT-1 L, ENT-2L, ENT-3L 

Large variation of ENT parameter, similar 
to some results In creep tests 

EXP-1, EXP-2, EXP-3 

Variation of EX (or n) parameter 

GO-1, GO-2, GO-3 

Variation of parameter 

G 1 — 1 , 61-2, Gl-3 

Variation of g^ parameter 

G2-1, G2-2, G2-3 

Variation of g^ parameter 
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Variation of p parameter in 
relationship for ENT 

SIM-1, SIM-2, SIM-3 

Simulation of some creep tests by variation 
of STBS and ENT parameters 
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Variation of STRS (stress) 
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Variation of STRS 
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Variation of TEMP (temperature) using Dorn 
relationship (see discussion) 
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APPENDIX 8 

Data Solution Program 


It is desirable that the data for the creep and recovery test be 
solved in a quick, consistent and accurate manner. For this purpose 
the BMDP3R program, maintained by the University of Kansas Computation 
Center (UKCC) , has been set up to solve the test data. An additional 
advantage of this program is Its adaptability to improvements or 
modifications to the equations. 

The BMDP3R (Biomedical Computer Programs - 3 Regression) program 
is a nonlinear multivariable least squares regression program wri tten 
by the Health Sciences Computing facility at the University of 
California, Los Angeles. The write up for the program is in reference 
[12J. The version cf the program used at KU has been modified by 
Judith Short of the UKCC to fit on KU's Honeywell computer, as such 
it is somewhat different than the program in reference Cl 2 1 - Further 
information on the use of this program may be found in reference [13] • 

In reference [14] Rummler discussed the application of computer regression 
techniques to creep analysis. 

Control Card Setup 

The deck setup for the control cards is indicated in Figure Bl. 

The $IDENT card contains the user's identification information. 

The $ SELECT BMDP/TRANSF and $ SELECT BMDP/P3RFUN access some of 
the 8MDP files which are used to set up the user supplied function. 

$ INCCDE indicates which keypunch was used to type the function 
section. 

The user supplied function section contains the function which the 
computer is to fit and is discussed later. 

$ SELECT BMDP/BMDPjR accesses the main BMDP3R program files. 

The $ LIMITS card modifies the standard memory and lines of output 
limits of the program. The memory was increased because early problems 
with the program indicated thut the standard limits were too low. The 
output w«s limited to prevent excessive output which can occur if the 
program has an error. 
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Figure B1. Control cards for 8MDP3R program 
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The program control information (PCI) section contains the 
information necessary to run the program, this is discussed later. 

The data which is to be stored in unit 08 is contained between 
$ DATA 08 and $ ENDCOPY 08. Additional data sets, if desired, would 
be stored similarly in unit 09, unit 10, etc. 

The $ ENDJGB and ***E0F end the program and follow the last 
$ ENDCOPY card. 

Note that separate decks are used for creep and recovery. The 
control cards are the same for each but the function and PCI sections 
are different. 

Function Section 

Figures B2 and B3 show the card setup for the function section of 
the creep and recovery programs. The purpose of this section is to 
calculate the function (equation) to be fitted and its partial deriva- 
tives with respect to the parameters. 

This section is written in FORTRAN. No DIMENSION, END or last 
RETURN cards are needed as they are provided internally by the BMDP 
program. 

In this section N is a number provided by the program control 
information which indicates which function is to be used. If there is 
only one function N is not necessary. 

F is the dependent variable, or function, to be fitted. P(l), 
P(2), and P(3)» and P(4) are the parameters of the f unction to be 
found. X(l) is the independent variable (TIME or RTIME in these 
programs), if desired more than one independent variable may be used. 
DF(1) is the partial derivative of F with respect to P(l), likewise 
DF (2 ) is 3F/3P(2) and so forth. RETURN indicates the end of the 
function. 

In the creep function section the second function is written with 
the BTIME modification (see Appendix C). In the recovery function the 
second function is written with the Cend modification. 
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I F (N.EQ.2) GO TO 2 
A -X(1)**P(3) 

F«P(1)+P(2)*A 

DF(1)-I 

DF(2)»A 

0F(3)-P(2)*AL0G(X(1)*A) 

RETURN 

2 A - (X(1)+P(*0)**P(3) 

F-P(1)+P(2)*A 
OF ( 1 )■! 

DF(2)-A 

OF(3)-P(2)*ALOG(X(1)^P(4))*A 
DF(4)-P(2)*P(3)*(X(1 )-fP(4))**(P(3)-l ) 


Figure B2. Card setup of function section for creep 





EXP-P (3) 

Ol 

AA«P(2)*X(1) 

BB-1+AA 

I F (H. EQ.-2) GO TO 2 
F«P(1)*(BB**EXP)-P(1 )*(AA**EXP) 

OF ( 1 )»(BB**EXP)-AA**EXP 

DF(2)«PO)*EXP*X(l)*((BB(EXP-l))-(AA*(EXP-1))) 

OF(3)*P ( 1 ) *(AL0G(8B) } * (BB**EXP)*C-P ( 1 ) * (ALOG (AA) )*(AA*EXP)*C 
RETURN 

2 F+P(l)*(BB**EXP)-P(l)*(AA**EyP)+P(A) 

OF (1 )= B8 ;! *EXP-AA**EXP 

OF (2)«P ( 1 ) *EXP*X ( 1 ) * ( ( BB** (EXP- 1 ) ) - (AA ** (EXP- 1 ) ) ) 

DF(3)*P(1 ) *(ALOG (8B) ) * (BB**EXP) *C-P ( 1 ) *(ALOG (AA) ) * (AA**EXP) *C 
DF(4)*1 


Figure B3. Card setup of function section for recovery 
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Program Control Information Section 

Figures BA and B5 show examples of the program control information 
for the creep and recovery programs. The purpose of this section is to 
provide the information necessary to run the program. Note that Figure 
BA is for three different problems and 85 for two problems. 

The PCI is set up in a paragraph-sentence format. Each paragraph 
begins in column I with a paragraph name. The end of a paragraph is 
indicated by a slash. The sentences following the paragraph name may 
begin in any column and must end with a period. There is only one 
sentence per line. For example in Figure BA the first paragraph name 
is PROBLEM. This paragraph has only one sentence which is TITLE IS 
'SOLUTION OF CREEP PARAMETERS'. The end of the paragraph is indicated 
by the slash in the next line. 

The information on the setup of the PCI section is contained in 
reference [12]. The following information should be observed in addition 
to this. 

UNIT IS 08 identifies 08 as the unit on which the data is contained. 
Note that the data unit's may be used in any order. 

In VARIABLE NAMES ARE TIME, STRAIN./ the names must be in the order 
in which they are read from the data cards. 

PLOT VARIABLE IS TIME ./ must be used in every problem in which a 
plot is desired, it does not carry over from one problem to the next. 

ITERATION ■ 20 and HALVING ■ 5 are used to limit the amount of 
time the program uses if it does not converge. 

The PARAMETER paragraph is very important, improper selection of the 
/alues contained in it will result in a less than optimum solution. It 
is important that the initial values of the parameters are close to the 
solution, preferably within 30* of the correct value. If they are too 
far off it may result in non-convergence, convergence on saddle points 
or non improvement (not pivioted upon) of one or more of the parameters. 
This is particularly important with the CPRIME parameter in the creep 
equation, see Figure B6 . The parameter maximum and minimum should be 
reasonable tight. The program determines its improved values in part 
by how far it is from the maximum and minimum. If these are too wide 
it may have wide swings from guess to guess which will slow or prevent 
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PROBLEM TITLE IS 'SOLUTION OF CREEP PARAMETERS 

/ 

INPUT VARIABLES ARE 2. 

UNIT IS 08 

FORMAT IS '(2F10.5)' . 

/ 

VARIABLE NAMES ARE TIME, STRAIN . 

/ 

PLOT VARIABLE IS TIME ./ 

REGRESSION NUMBER IS 2. 

DEPENDENT IS STRAIN. 

PARAMETER IS 4. 

ITERATION - 20 
HALVING - 5 . 

/ 

PARAMETER INITIALS ARE . 1 , . 06 , . 33 , 0. 0 
MAXIMUM ARE 5 • , 10. ,10. , 0.0 
MINIMUM ARE 3*0.0001 , 0.0 
NAMES ARE EO,CPRIME,N,BTIME 

/ 


END/ 

PROBLE.t 

TITLE IS' ACCURACY TEST OF BMDP3R PROGRAM ' 

./ 

PLOT 

VARIABLE IS TIME ./ 


PARAMETER 

INITIALS ARE .1, .10, .33, 0.0 ./ 


END/ 

PROBLEM 

TITLE IS 'ACCURACY TEST OF 3MDP3R PROGRAM 1 

./ 

INPUT 

UNIT IS 09 ./ 


PLOT 

VARIABLE IS TIME ./ 


END/ 

FINISH/ 




Figure Sk. Program control information setup for creep 
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PROBLEM 

INPUT 


VARIABLE 

PLOT 

REGRESSION 


/ 

PARAMETER 


END/ 

PROBLEM 

PLOT 

PARAMETER 


END/ 

FINISH/ 


Figure B5. 


TITLE IS 'CREEP VARIATION TEST ANALYSIS' ./ 
VARIABLES ARE 2. 

UNIT IS 08. 

FORMAT IS 1 (2F1 0. 5) ' ./ 

NAMES ARE RTIME, STRAIN ./ 

VARIABLE IS RTIME ./ 

NUMBER IS 2 . 

DEPENDENT IS STRAIN. 

PARAMETER IS *♦. 

ITERATION IS 20. 

HALVING IS 5. 


INITIALS ARE 0.7, 0.001, 0.25, 0.0 . 

MAXIMUM ARE 3*5. , 0.0 
MINIMUM ARE 3*0.000001, 0.0 
NAMES ARE CO,ENT,N f CEND. / 

TITLE IS ' BMDP3R RECOVERY TEST' ./ 

VARIABLE IS RTIME./ 

INITIALS ARE 0.7, 0.5, 0.5329, 0.2 

MAXIMUM ARE 2*5.., 0.5329, 0.9 

MINIMUM ARE 2*0.00001, 0.5329, 0.00001 ./ 


Program control information setup for recovery 
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convergence. If it is desired, any of the parameters may be fixed at 
any point as was done with BTIME in the creep program. 

In the PCI section ARE, IS and ■ are interchangeable. 

When more than one problem is to be run each problem must begin 
with a PROBLEM card and end with an END/ card. All other information - 
except the PLOT paragraph is carried over to the next problem. To 
change something just add the necessary card(s). The FINISH/ card 
follows t u T END/ card of the last problem. 

Analysis of Output 

Figures B7 and B8 are the output of the first creep and recovery 
problems in Figures B4 and B5. 

Referring to the notes on Figure 87, 1 is the title heading for 

I _ 

the BMDP3R program. 

2 is a reprint of the program control information cards used for 
the problem. 

Section 3 is the general program information that is being used. 

4 is the number of data points used. 

5 is the maximum and minimum for the parameters. 

6 is the sum of the squares of the residuals (RSS) from the 
following equation 

n 2 
RSS - E [Y. - f(x.,p)r 

i-l ' ' 

where y ; are the data values and f(x.,p) are the calculated values. This 
is an indication of the quality of fit achieved. The bottom line 
represents the final results. 

The values of the parameters of the equation are shown in section 
7. The bottom line represents the computers best fit. 

Section 8 contains the information on the standard deviation (SD) 
of the parameters. This is also an indication of the quality of fit. 

If one of the parameters is not improved (not pivioted on), lies on a 
boundary or is fixed its standard deviation is 0.0. 

In section 9 are the results for each data point (case number). 

The predicted strain is the value calculated from the best guess in 7. 
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Figure B7. Output from BMDP3R creep program for Ti - 3 data 
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The residual is the difference between the predicted and observed 
(data) strains. 

JO is the serial correlation (SC). This number varies from 
one to negative one and Is an indication of the quality of fit, closer 
to zero indicating a better fit. 

11 is a plot of the predicted and observed values of strain vs. 
time. P indicates predicted strain, 0 indicates observed and an * 
indicates an overlap. Ideally the plot would be all *. 

12 Is a plot of the values of the residuals of each point vs. time. 
Ideally this should be a random scatter indicating the random experimental 
error of the test data. The amount of clumping or trends on this plot 
are an indication of the quality of fit. 

Quality of Fit and Accuracy of the Program 

The quality of fit and trend toward Improvement is a function of the 
number of data points. At least 25 data points should be used and 
preferably more, increasing the number of data points seems to increase 
the RSS and SC, however it provides a decrease (improvement) in the 
standard deviation values. It also seems to help if the data points 
are evenly distributed rather than weighted toward one end of the curve. 
Increasing the number of data points also seems to help the program 
converge when poor initial values are used. 

The major indication of a valid fit is obtained from the standard 
deviation of the parameters. If the SD of any of the unfixed parameters 
is 0.0 this indicates that the program does not feel that this parameter 
is necessary in the equation and that changing (improving) it would have 
no effect on the results. With either the creep or recovery equations 
this indicates that either the curve is very flat or that an optimum 
fit was not achieved. This is usually caused by a poor initial guess 
for the unimproved parameter. To find a better initial value rerun 
the program with a slightly larger or smaller initial value for the 
unimproved parameter, this should result in a different RSS value. 

A comparison of this RSS with the previous one will indicate the direction 
the initial guess should Pe improved. This type of error is illustrated 
in Figure B6 where the higher values of the RSS oco . red with CPRIME 


247 


was not Improved, however when the initial guess for CPRIME was close 
enough the program improved its value, resulting in a tower RSS. If 
any of the non-flxed parameters are not improved the SD values calculated 
by the program are much too low. 

Sometimes the program will find a saddle point or non-optimum 
solution if the initial values are too far off. This is sometimes 
difficult to detect, however it should be suspected when results are 
not consistant with other results of similar data. If this is the 
case, change the initial values. 

It is important that the maximum and minimum values of the 
parameters are possible in the function section equations. This is 
especially true with BTIME in the creep equation. If it becomes 
larger than any of the early data times the resultant adjusted time is 
less than zero. This causes several errors in the function equations 
which will result in a very large amount of output because the function 
section is called many times by the program. 

It is difficult to define an exact point a; which a good fit of 
the equation to the data occurs. In general, observing the plot graph 
indicates whether or not the curves fit each other. The RSS gives an 
indication of the fit, a RSS of less than . 2 % of the average strain 
value generally indicates a good fit. Note that the standard deviation 
for the strain is given by 



where df is the degrees of freedom indicated in section 8. The SD's 
of the parameters are variable but are usually below 10% for a good fit. 
The serial correlation value also indicates the quality of fit, however 
?t is also variable. Generally below .4 is a good fit, however 
higher values have sometimes giver a good fit. The residual plot with 
a good random scatter indicates that the equation fit the curve to 
the best of its ability and that a poor fit was caused by the scatter 
of the data. If the residual plot indicates a trend (the points seem 
to follow a line), this indicates that either the optimum solution was 
not reached or that the equation was inherently incapable of fitting 
the data. 
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APPENDIX C 

Effect of Loading Rate 

The amount of creep that occurs in the creep test during the period 
when the load is being applied can be approximated as follows: 

For constant temperature, assume that creep follows the power law 
equation 

c ■ Ct" (Cl) 

where 

C * Coo 

where Co is a constant, o is the stress, n is the exponent, t is the 
time, and c is the amount of creep strain, not including elastic strain. 
Co and n are assumed to be independent of stress. Although this is not 
strictly true, for the purposes of this approximation the error will 
probably not be significant. 

The loading period begins at t«0 and continues to t»tj and from 

o*0 to o«o , the loading rate is assumed to be constant. Thus C for 
o 

time less than tj is 

C - C a - Co t < t. (C3) 

O O O t| “I 

The loading rate can be viewed as a series of finite increments in step 
loading, as indicated on Figure Cl, where an incremental load, Ao , 
is applied for a time At. For k increments the load step would be 

Ao ■ -j- (C*0 

and the time increment 

At ■ T" (C5) 

k 

As indicated on Figure C2 the amount of creep strain during the 
first increment, , would be 

e. ■ AoC At° 
o 


2A9 


(C6) 
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This is equal to the strain at the beginning of the second increment 
of strain. The second increment of strain can be viewed as a new creep 
curve related to the previous creep only by the amount of strain, e. . 

The equation from the second creep curve for the strain, , is 

- 2AoC Q (t d ) n (C7) 

where 2Ao is the stress and t^ is a time adjustment factor which 
represents the amount of time necessary for equation (C7) to reach £j. 

Time t . is less than At. 

a 

Solving equations (C6) and (C7) for t^ gives 

t d - (l/2) l/n At (C8) 

Using this in equation (C7) , *j, becomes 

c. • 2AoC C (1/2) 1 /n At] n (C9) 

i o 

and at the end of the second Increment of time the strain, e^, is 

e, - 2AoC [At + (l/2) ,/n At] n 

L O 

£, - 2AoC At n [l + (1/2) 1/n ] n (CIO) 

z o 

In a similar manner the equation for e ^ In the next increment of strain 
is 

e, - 3AoC (t ,) n (Cl 1 ) 

z o a 

where t, is now equal to 


and 

e 3 

s imi larly 

% 


- (2/3) 1/n [l + (1/2) 1 /n ] At 02C) 

- 3AoC At n [1 + (2/3) ,/n (l + l/2) ,/n )] n (Cl 3) 

o 

- 4AoC At n [l + (3/ 1 *) l/n (l + 2/3) 1 /n (1 + 1/2) 1 /n ) ) ] n (CU) 

o 
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For k increments this becomes 


kAoC At n [l 
o 


♦ ( 


k - 1 


l/n 

) 0 


l/n 


0 ♦ 


(2/3) 


l/n 


(1 ♦ 1/2) ,/n (C15) 

Including the expressions for time and stress from equations (04) and (C5) 
this becomes 


aCt' 
o o I 


k n [ ' 


l" 


(Cl 6) 


or 


e k * °o C o t i n x f(n ‘ k) 


(CI7) 


where 


l . I k - 2 

f(n, k) - ~[1 + (i-—) (1 + (“^-f) 


(* * * * (1 ♦ l/2) 1/n ))] n 


(C18) 


The values for this function for k«100 are plotted on Figure C3. The 
equation for the curve from t - 0 to t»tj is 


(i)t.(t, x f)" f1 "' kl *-*1 


(CI9) 


O 1 1 O I 


1 


The equations for the curves after loading is finished (t greater 
than tj) can be calculated from the fact that the strain rate at C"tj, 
£ ( t j ) , for ( C 1 9 ) will be the same as the e immediately after t| when 
the stress is constant. Thus the strain rate of (C 1 9) at tj is 


a C 


P - (n ♦ I) -?-2 (t,) n f(n, k) 


dt 


(C20) 


the strain rate of equation (Cl) at t»tj is 


nCt 


n-1 


(C21 ) 
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where is an adjusted time. Solving (C20) and (C21) for t^ gives 

t b « (^Hr^ f(n * k )) ,/n "’ t, (C22) 

If the end of the loading period were taken as the beginning of creep, 
as was done in the analysis in the body of this report, t^ represents 
the time that would have to be added to the apparent time to correct 
for the effects of the loading rate. The difference in the amount of 
strain, at t*tj, between equations ( C 1 9) and (Cl) is 

e b - Ct," f (n, k) - Ct b n 

c b - Ct, n [f (n, k) - ( f (n , k)) n/n ‘M (C23) 

Thus the genural equation for the strain after t-tj is 

* ■ C(t - t| + t b ) n ♦ e fa . (C24) 

The curves for the Ti-3 data with several different loading rates 

are shown on Figure C4. For the Ti-3 data n»0.5329, or ■ 23400, C * 

_Q o o 

2.70 x 10 , tj ■ .225 min, and f(n, k)*0.5738. For the Ti-3 data 

t. *0.0769 min., this represents the apparent amount of time before the 
0 

end of the loading period at which creep began. 

Garofalo indicates in reference [ ] 5 ] that the initial creep rate 
at t»0 is not infinity as would be the case with the power law. To 
account for this and the results of the loading rate analysis the 
BMDP3R program (Appendix B) was modified to fit the following equation 

STRAIN - E0 + CPRIME ( TIME + BT!ME) N 

where BTIME is the time adjustment factor. The program solves for 
BTIME as a function of the data, where BTIME should be close to t b - 
Note that the Ti-3 data was taken with t-0 at the end of the loading 
period. 

Figure C5 is the output from the BMDP3R program. Note that 
the program solved for a BTIME value of 4.9 which was the upper 
limit allowed. This is not even close to the 0.0769 value 
expected from the previous calculations. This difference in results 
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may have been due in part to inconsistencies in the Ti-3 data. However, 
in view of the large differences and to avoid any further complexities 
in future analyses the BTIME modification has not been used in any of 
the later solutions of the data. The expected effect of this modi fication 
on the parameters of the TC theory would be less than 2 %. 
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APPENDIX D 

System Components and Performance 

In this Appendix, the main components of the creep system are de- 
scribed, and any operational difficulties encountered with these compo- 
nents are discussed. 

Creep Frame 

The basic loading system used in most of the work was an ATS Model 
24 1 0 lever arm tester, with lever arm ratios of 3:1 and 20:1. Spherical 
couplings were initially used to ensure axial ity during loading, in 
later tests, more accurate knife-edge alignment couplings were used. 

Furnace and furnace Controller 

For high- temperature testing, a three-zcne split furnace, ATS Model 
2961 , was employed. The original ATS furrace controller gave considerable 
difficulty. Calibration was very difficult, and system response was 
highly temperature (set-point) dependent. As a result of these problems, 
ATS supplied a new digital LFE Corporation controller. This controller 
worked very well. 

Ex ten some ter 

Specimens were mounted in an ATS Model 4112 or 4115 extensometer . 

The extensometer generally worked very well so long as bolts were torqued 
evenly and not too tightly. Over-torque would cause the bolts to fail in 
a high temperature test. 

LVDT and LVDT Conditioner 

Daytronic DS200A transducers were used to measure specimen elonga- 
tion. Discovered early in the work was a sinusoidal error ir the output 
signals of the two transducers used. One unit was returned to the fac- 
tory for adjustment, but even after adjustmert some error was still pre- 
sent. Since the error in both transducers was a consistent and predict- 
able function of displacement, corrections could easily be made during 
data reduction. 

There were problems of signal drift in the Daytronic 9130 signal 
conditioner. The problem was somewhat remedied after the unit was re- 
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turned to the factory. However, for an hour after startup, the condi- 
tioner output signal would always drift a small amount before stabilizing. 
This was accounted for In the routine of test procedures. 

Mainframe, Digital Display, Channel Caller 

The mainframe unit was a Daytronlc system 9005. A 9530 digital dis- 
play was a part of the system. The digital display was another piece of 
equipment sent to the factory for repair. In this case, the problem 
(erroneous readings) was completely corrected. The 9305 A channel caller 
functioned well at all times. 

Thermocouple Conditioner 

A Daytronlc Model 9110 thermocouple conditioner generally worked 
well throughout the project. The only problem encountered required noth- 
ing more than some minor changes In calibration settings. This raised 
the accuracy of the zomponent to satisfactory levels. 

Chart Recorder 

The raw strain-time data were recorded on a Saltec Model B- 1 8 1 flat- 
bed recorder. Aside from the creep frame, this proved to be the least 
troublesome and most reliable component of the system. 
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